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FIP Recommendations 1996 "Practical Design of Structural Concrete”

Contents page 1

FIP Recommendations 1996

"Practical Design of Structural Concrete"

Scope

- update of FIP Rec. 1984; the main intentions have been kept to:
-- to be used by practising engineers,

-- to treat in more detail the practical aspects of prestressing as in MC 90.
. A Mecdel Cocac
- changes mainly based on MC 90. .. ¢

- fully based on member design with strut-and-tie models (STM), which necessitated a

regrouping of the chapters.

- references to MC 90 like in previous edition.

Contents

1 Principles

1.1 General 1-
1.2 Ultimate Limit State (ULS) 1-
1.3 Serviceability Limit State (SLS) b -
1.4 Design by testing 1-

2 Material characteristics

2.1 Concrete

2.1.1 Concrete strength grades 2-
2.1.2 Design compressive strength 2-
2.1.3 Stress-strain diagram for concrete in compression 2-

2.1.3.1 Stress-strain diagram for the analysis and for SLS
2.1.3.2 Stress-strain diagram for ULS

2.1.4 Tensile resistance and cracking of concrete 2-
2.1.5 Shrinkage and creep ) 2-
2.1.6 Coefficient of thermal expansion 2-
2.1.7 Fatigue strength 2-
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2.2 Reinforcing steel
2.2.1 Steel grades 2-8
2.2.2 Tensile strength 2-8
2.2.3 Compressive strength 2- 8
2.2.4 Modulus of elasticity and idealized stress-strain diagrams 2-8
2.2.5 High bond reinforcement 2-9
2.2.6 Ductility 2-9
2.2.7 Coefficient of thermal expansion 2-9
2.2.8 Fatigue strength 2-10
2.3 Prestressing steel
2.3.1 Steel grades 2-10
2.3.2 Tensile strength 2-10
2.3.3 Relaxation 2-11
2.3.4 Modulus of elasticity and idealized stress-strain diagrams 2-11
2.3.5 Bond properties of prestressing reinforcement 2-12
2.3.6 Ductility 2-12
2.3.7 Coefficient of thermal expansion 2-12
2.3.8 Fatigue strength 2-12
2.4 Bond between concrete and reinforcement
2.4.1 High bond reinforcement 2-13
2.4.2 Bond of posttensioning reinforcement 2-14
2.4.3 Bond of pretensioning reinforcement 2-14
2.4.3.1 Bond strength
2.4.3.2 Transfer of prestress
2.4.3.3 Anchorage in ULS
3 Prestressing
3.1 Types and definition of prestressing
3.1.1 Definition of prestress 3-1
3.1.2 Types of prestress 3-1
3.2 Initial prestress
3.2.1 Prestressing steel 3-2
3.2.2 Time of prestressing 3-2
3.3 The decrease of prestressing force, the "losses of prestress”
3.3.1 Losses before releasing the tendons (pretensioning) 3-2
3.3.2 Immediate losses 3-3
3.3.3 Time dependent losses 3-4
3.4 Design considerations
3.4.1 Design value of the prestress and requirements "3-5
3.4.2 Design of prestress 3J-6
3.4.2.1 Definitions
3.4.2.2 Design criteria for prestress 3-7
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4 Technological details and durability requirements
4.1 Exposure classes 4-1
4.2 Durability design criteria 4 - 2
4.3 Preferred nominal diameters for reinforcing bars 4-3
4.4 Minimum cover of reinforceménts 4-3
4.5 Clear bar distances in the horizontal and vertical direction
4.5.1 Generally 4- 4
4.5.2 Members with post-tensioned prestressing reinforcement 4-5
4.5.3 Members with pretensioned prestressing reinforcement 4-5
5 Strength of ties, struts and nodes of strut-and-tie models
5.1 General 5-1
5.2 Strength of stee! ties 5-1
5.3 Sirength of struts
5.3.1 Concrete in uniaxial compression 5.2
5.3.2 Capacity of a parallel compression field or prismatic strut 5-2
5.3.3 Reinforced struts 5- 4
5.3.4 Confined concrete struts 5-4
5.3.5 Struts crossed by bars or ducts 5-5
5.4 Strength of concrete ties ' 5-6
5.5 Transfer of forces by friction across interfaces
5.5.1 General 5- 8
5.5.2 Transfer of struts across joints 5-
5.5.3 Transfer of strut arross cracks {crack friction) 5-0
5.6 Strength of nodes and anchorages o
5.6.1 General 5-10
5.6.2 Compression nodes 5-10
5.6.3 Bends of bars and minimum radii of curvature for tendons §-12
5.6.3.1 Bends of bars
5.6.3.2 Minimum radii of curvature for tendons
5.6.4 Nodes with anchorages of reinforcing bars 5-13
5.6.5 Nodes with anchoring devices 5-17
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5.7 Splices of reinforcements
5.7.1 General requirements 5-17
5.7.2 Splices by overlapping of bars 5-18
5.7.2.1 General requirements
5.7.2.2 Lap length
5.7.2.3 Permissible percentage of lapped reinforcement
5.7.2.4 Transverse reinforcement
5.7.3 Lapping of welded mesh fabrics 5-20
5.7.4 Splices by mechanical devices 5-21
5.8 Special rules for bundled bars and for bundled tendons
5.8.1 Bundled bars 5-21
5.8.2 Bundled tendons 5-22
6 Ultimate Limit State Design
6.1 General requirements and definitions
6.2 Actions and action effects
6.2.1 Definitions 6-1
6.2.2 Combination of actions 6- 2
6.2.3 Resistant action effects 6-3
6.3 Structural analysis
6.3.1 General requirements 6-3
6.3.2 Static method of the theory of plasticity 6- 4
6.3.3 Kinematic method of the theory of plasticity 6- 4
6.3.4 Plastic rotation capacity and check of ductility 6- 4
6.4 Design of B-regions
6.4.1 Basic assumptions 6-5
6.4.2 Flexural design and inner lever arm of the truss 6-17
6.4.3 Shear design and angle © of the inclined struts 6- 8
6.4.3.1 General requirements
6.4.3.2 Design of the transverse reinforcement
6.4.3.3 Determination of the angle 6 of the inclined struts
6.4.3.4 Upper limit of resistant shear force
6.4.4 Forces in the chords of the B-region 6-11
6.4.5 Design of flanges of chords 6-12
6.4.6 B-regions of members with torsion 6-13
6.4.7 Shear in joints 6-16
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6.5 Design of Discontinuity Regions (D-regions}
6.5.1 Reguirements and general criteria for modelling 6.5-1
6.5.2 Statical discontinuities: beam supports and corbels ' 6.5-1
6.5.2.1 Direct supports of beams o
6.5.2.2 Indirect supports ' o
6.5.2.3 Point load near an support and corbels :

6.5.3 Deep beams SIS 6.5-6
6.5.4 Deviation of forces 6.5-8
6.5.5 Frame corners and beam-column-connections) o 6.5- 8

6.5.5.1 Frame corners with negative (closing) moment

6.5.5.2 Frame corners with positive (opening) moment

6.5.5.3 Beam-column connection for an external column
6.5.6 Half joints and steps in members ' o 6.5-13
6.5.7 Point loads in direction of member axis and anchorage zones of 6.5-14

prestressing reinforcements

6.5.7.1 D-tegions at end-support of a rectangular members

6.5.7.2 End-support of a beam with flanges

6.5.7.3 Interior anchor zones and construction joints with prestressing

anchors

6.6 Design of slender compressed members

6.6.1 General o 6.6- 1
6.6.2 Slenderness - 6.6-2
6.6.3 Effects of creep . o 6.6-3
6.6.4 Geometrical amperfectmns 6.6-3
6.6.5 Method based on estimation of secant snffness 6.6-6
6.6.6 Simplified method for isolated columns 6.6-7

6.7 Design of slabs
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6.7.1 General and design model 6.7- 1
6.7.2 Shear design of one-way spanning slabs or members 6.7- 1
6.7.3 Punching
6.7.3.1 General 6.7- 3
6.7.3.2 Symmetric punching of slabs without shear reinforcement 6.7- 3
6.7.3.3 Punching of slabs with transfer of moments 1o column 6.7-4
6.7.3.4 Slabs with punching shear reinforcement 6.5-5
6.8 Plate and shell elements o 6.8-1
6.9 Fatigue 6.9-1
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FIP Recommendations 1996 "Practical Design of Structural Concrete”

i Principles page 1 -1

Scope

(1) These Recommendatio_ns apply to structural concrete using nor-
malweight aggrégates for all types of structures such as buildings and
bridges, Structural concrete comprises all concrete used for structural
purposes from plain concrete through applications with non- prcstresscd
reinforcements, pretens:oned or post—tensnoned tendons or their combi-
natlons o

(2) The principles of these Recommendations also apply to the assess-
ment of existing structures, :

(3) The recommendations are intended for use by practising engineers
to enable them to design according to modern concepts. The rules are
given in a concise form suitable for qualified engineers with adequate
experience in design and detailing. ' '

(4) The rules are based on the CEB/FIP Model Code 1990 (MC 90) to
which frequent reference is made in the right-hand margins of the pre-
sent document. In some cases, explained by footnotes, deviations from
MC 90 have been made in order to simplify the calculations and, '
where necessary, additional information has been introduced.

MC9O0, 1.6
1 Principles S
1.1 General

(1) The design of structures should involve the following steps:

{a) check of the ultimate limit state (ULS)

(b) check of the serviceability limit state (SLS)
(¢} compliance with detailing practice

(d) compliance with technological requirements
(e} compliance with durability requirements.

{2) Depending on the type of structure or the construction method em-
ployed, either the ULS or the SLS can be taken as the primary design
criterion. In many cases only one of these checks will be needed if,
according to experience, there is no doubt that the other one is respec-
ted a priori. In any case, detailing practice and technological reguire-
menis should be carefully observed, because they are as important to
the serviceability and durability of concrete structures as checks by
calculation. Especially the overall structural integrity is heavily depen-
dent on the proper dimensioning and detailing especially at geometrical
or load discontinuity regions (D-regions).

fin/ nractdes/ london/ Iorinc.wed Final Draft 1 nndon Tentamhar 1004



FIP Recommendations 1996 “Practical Design of Structural Concrete”

1 Principles

(3) The primary focus of structural design should be directed towards
careful consideration of overall or global structural behaviour, and to-
wards efficiently directing the flow of the forces throughout the struc-

ture. Thereby also possible damaging restraints and agressive environ-
mental factors, should be considered.

(4) In general, the various load-carrying members of a structure
should be interlinked so as to ensure a satisfactory overall performance
with regard to structural stability and robustness. In particular, it
should be ensured that the structure cannot be subjected to progressive

collapse as a consequence of localized damage due to abnormal use or
accident.

1.2 Ultimate limit state (ULS)

(1) The ULS verifications should be based on transparent and realistic
models of structural behaviour and the correct failure mechanisms
under ultimate loads. For these calculatins, the theory of plasticity
(PT) provides a simple and efficient approach in many cases. Nonline-

ar analysis methods of a more general character may also be used, par-
ticularly in cases of instability.

(2) Inall cases, it must be ensured that the structure is sufficiently
ductile to be able to reach the assumed ultimate limit state without pre-
mature brittle failure, and to allow for restraint effects. In a sufficient-
ly ductile structure the effects due to temperature, creep, shrinkage and
foundation settlements have in general an insignificant influence on the
ultimate load-carrying capacity.

(3) The ULS condition is satisfied if the following symbolic equation
is respected for all relevant combinations of actions

Fact, d (Yg G s Tq ZQ) < Fms,d (fck/')fc 4 fsk /'Ys) (]-1)

design value of load or actions < design value of load carrying capacity

where the notation is as follows, with associated partial safety coeffi-
cients in parenthesis

G permanent actions (mean value (%)

Q variable actions (nominal values) (Yg)

fex characteristic concrete strength (Y.)

fox characteristic strengths of reinforcing and prestressing steel (1)

page 1-2

MC 90, 1.6

fip/ practdes/ london/ Iprinc.wsd Final Draft London September 1994

FErPFrF PP rrrrrrrrrrrrrrrrrrrrrrrrrrArrARARAAAAAA



.

LA A C Lk P s . R
aﬂ !a " b SR TR [ ] i f H ;

FIP Recommendations 1996 “Practical Design of Structural Concreig”

1 Principles

(4) Since it is very unlikely that the maximum values of all variable
actions Q occur at the same time, representative values, as defined
later on, may be introduced, using, in the case of two or more variable
actions, combination values characterized by the coefficient ¥, (see

sect. 6.2.2).

(5) The effect of prestressing may either be considered on the action
side by simulating it by forces due to the prestress being applied to the
concrete, or by considering the high-strength prestressing steel as part
of the member thus contributing to its resistance.

{6) The above general criterion (3) is satisfied, if all significant secti-
ons of the structure fulfil the following condition

Sa(1G: %ZQ ) S Ralfac/% 5 fs /%) (1.2)

design value of critical < design value of resistant action effects
combination of action effects S .

However, the overall structural integrity should be ensured by
checking the layout and the anchorages of the reinforcements, especial-

ly for discontinuity regions.

(7) The distribution of internal forces in the structure shall satisfy the
conditions of equilibrium. This is always the case for elastic distribu-
tions. Thus, if the structure has already been designed for servicea-
bility conditions (SLS), the same distribution multiplied by a proper
foad factor can often been used for the check of capacity in ULS..

(8) For structures in which equilibrium is affected by the deformations
of the members, the equilibrium condition should be formulated on the
deformed structure. However, the equ. (1.2) may be used if the second
order effects are included in the term Sg. It should be noted, that not
always the ultimate capacity of the section is attained.

(9) Fatigue problems are normally not critical in reinforced and pre-
stressed concrete, as long as serious cracking under the appropriate ac-
tions (Y; =1) is prevented (see sect. 6.8).
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FIP Recommendations 1996 "Practical Design of Structural Concrete”

1 Principles page 1 -4

1.3 Serviceability limit state (SLS)

(1) The SLS verifications should be based on transparent and realistic
models of structural behaviour including, where relevant, cracking and
time - dependent effects.

(2) Normally the SLS calculations are based on the theory of elasticity
(ET). In certain cases, non-linear analysis methods may be used.

(3) Depending on the particular case, the SLS check should be done
by one or more of the following three methods:

(a) by limiting stresses 04 < Ojin
(b) by limiting deformations (deflections or angles) a3 <aym
(c) by limiting crack widths wg < Wy

The limit values should be established on the basis of the functional
requirements of the structure. Other requirements such as water tight-
ness, tolerances, vibrations should also be checked in appropriate
cases.

(4) For the SLS calculations, the effect of prestressing may either be
considered on the action side, or in the material characteristics as an
imposed deformation; however, normally it is considered as an exter-
nal action. The prestressing force should be considered with its mean
value.

(5) The check by calculation can sometimes be ommited by respecting
minimum reinforcement or detailing regulations.

fip/ practdes/ london/ 1princ.wsd Final Draft London September 1996
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FIP Recommendations 1996 "Practical Design of Structural Concrete”

1 Principles

1.4 Design by testing

(1) In special cases the design of structures or structural elements may
be based on testing. The test should consider all possible unfavourable
conditions for the real structure including any possible reduction of the
concrete tensile strength.

(2) The following rules should be applied:

(a) The test resulis have to be interpreted by means of realistic analyti-
cal models from which the influence of the principal parameters invol-
ved may be estimated.

(b} The basic principles of the present Recommendations, notably the
criteria of all limit states, have to be applied to this experimentally
derived model.

(¢) The partial safety coefficients have to be chosen conservatively
according to adequate statistical and probabilistic considerations and
the level of guality control.

(d) Maijor deviations from accepted principles or design rules (e.g.

a bearing capacity that depends considerably on the concrete tensile
strength) have to be justified, either by increasing the safety margins,
or by a test series that is large enough to allow the estimation of the re-
presentative load carrying capacity based on the 5 % fractile strength
of the materials used.

(e) The undertaking of alternative procedures to those outlined in the
present Recommendations must be subjected to the control and agree-
ment of an appropriate authority.

fin! nracides/ london/ Torinc.wsd Final! Draft London
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FIP Recommendations 1996 “Practical Design of Structural Concrete”

2 Materials page 2 -1

L Y rRTRPTEY by

2 Material characteristies  MC%,2
2.1 Concrete MC 90, 2.1

2.1.1 Concrete strength grades

(1) The following clauses apply to concrete with normal wéight
aggregates. For structural concrete containing a normal amount of
reinforcement a density can usually be assumed of 25 kN/m°.

(2) The design should be based on a concrete strength class defined by
the characteristic compressice strength for a cylinder fg. If the
strength is determined by testing cubes (fck.cube)',' the corresponding
cylinder strength can be obtained by appropriate conversion factors
given in table 2.1.1 of MC 90, 2.1.3.2. The testing conditions shall be
in accordance with 1SO 2736.

(3) The preferred concrete strength classes are given in table 2.1, and
the main mechanical properties are defined for each class.

Table 2.1 Preferred concrete sirength classes and mechanical properties
€20 €25 C30 €35 C40 C45 CS0 C60 €70 C80
fa 20 25 30 35 40 45 50 60 70 80
fm 22 26 29 32 35 38 41 46 51 56
Eem 29 305 32 335 35 36 37 39 41 43

with: fox = characteristic cylinder strength
fom = mean tensile strength ;| fox0.05 =0.70 fum 5 fow00s =1.30 fop
Ecm = secant modulus of elasticity at o, =0.40 fy

2.1.2 Design compressive strength

(1) The uniaxial design strength of concrete is

fieda = 0 T/ Y% (2.1)
with: o = reduction factor considering reduction of f,g versus
strength of control specimen and duration of loading:

o= 1.00 for SLS; o = 0.85 for ULS
{other values may apply for other stress rates)

Ye = partial safety factor
Yo = 1.00 for SLS ; Yo = 1.50 for ULS

0000000000 T 0
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FIP Recommendations 1996  "Practical Design of Structural Concrete”

2 Materials page 2-2

(2) The variation of concrete strength with age depends on many
parameters (e.g. curing conditions and cement type) and a universially
applicable relationship cannot be given. In absence of more accurate
data the strength increase may be estimated from Fig. 2.1, which is
valid for two types of portland cement concrete.

2.1.3 Stress - strain diagram for concrete in compression
2.1.3.1 Stress - strain diagram for the analysis and for SLS

(1) The modulus of elasticity for linear-elastic analyses is given in
table 2.1. The range of variation may extend from 0.7 Eem to 1.0 Eopp.

(2) For more refined analyses the stress - strain diagram given in sect.
2.1.4.4.1 of MC 90 may be applied.

2.1.3.2 Stress - strain diagram for ULS

(1) For dimensioning cross-sections the parabola-rectangle stress -
strain distribution of Fig. 2.2 is preferably be applied.

The maximum strain is defined as follows:
Eu = -0.0035 for fox < 50 MPa (2.2 a)
Cew = -0.0035 (50 /f) for fy > 50 MPa (2.2b)

(2) Other equivalent diagrams may be used like the bi-linear diagram
shown in Fig 2.3. A further simplified diagram is the uniform stress
diagram given in sect. 5.2.2.2.

fip/ pracides/ london/ 2 1concr.wsd Final Draft London
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FIP Recommendations 1996  “Practical Design of Structural Concrete”

7 Materials page 2 -3

-

fc / fc28
.5

] ! T 1 T
Ordinary portland c?ment coiwfreie J——
| j/;%”
1.0 S S
,/T

|~ |
4;// |
A

0.5 i

Rapid hardening portiand cement concrete
!

i t
14 28 56 50 180 360
Age of concrete days

Relative compressive strength

o
o

[
~

Fig. 2.1 Variation of concrete sirength with age

T+ 7 e et e ¢ e men

Fig. 2.2 Preferable stress-strain distribution in concreie
compression zones

1

|

t

H

f

x

L

|

|

| £ —

L Lee(-)

0 ~1.35 Ecu (%)
Fig. 2.3 Simplified bi-linear swess-strain diswibution in concrete

compression zones

{ggggggéé@@éé@@@é@@@@@@@@@@@@@@w@wewaaa@w@a

find nescidess Inndon/ 9 1eancr.wsd Final Draft London September 1996



FIP Recommendations 1996  "Practical Design of Structural Concrete”

2 Materials page 2-4

2.1.4 Tensile resistance and cracking of concrete

(1) The basic reference value for assessing the strength of concrete ties
is the uniaxial tensile strength, and its average value given in table 2.1
is:

fam = 0.30 fy2? (2.3 2)
The lower and upper characteristic values given in Fig. 2.4 are:

fok005s = 0.70 fum and  fox 095 = 1.30 fom (2.3b)

(2) The design value is

fled = fa/ Yo (2.4)

with:  fo = relevant value from above (1)
Y« = 1.7 for ULS (or 1.0 if more unfavourable)
Yer 1.0 for SLS (or 1.3 in certain specific cases)

(3) The assessment of the crack formation requires to consider the MC 90, 2.1.5.3
realistic behaviour of the fracture process in tension zones. An

empirically derived practical rule considering the size effect is to

average the tensile stress over a representative depth ¢ in the stress

diagram and compare it with the relevant value of the axial tensile

strength. This representative depth ¢ may be taken as

c =3 dg < 50 mm (2.5)
with: d; = the maximum aggregate size

(4) As a practical application of the above rule, the maximum tensile
stress at cracking (flexural tensile strength) may be derived for a
rectangular section subjected to the cracking moment M, combined
with an axial force as follows (Fig. 2.5):

C C
Otmax =(1- 'H vr) /(1- “I]) flct.d <2 flcl.d (2.6)

with: vp = oN /fiqda = Nsg/bhfiqa ( + for tension)

fic,a = relevant design value for the axial tensile
strength acc. to equ. (2.4)

The maximum tensile stress for a section subjected to pure bending is
shown in Fig. 2.6 as a function of the depth of the member.
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Fig. 2.5 Flexural tensile strength of a rectangular section
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Fig. 2.6 Bending tensile strength as a function of the depth of the
member (size effect) for c = 50 mm

fin/ nractdes/ london/ 21coner.wsd Final Draft London - September 1996



FIP Recommendations 1996  "Practical Design of Structural Concrete”

2 Materials page 2-6

2.1.5 Shrinkage and creep

MC 90,

(1) The deformations of concrete due to shrinkage and creep may vary 2.1.6.4.3;

considerably with the type of cement and aggregates, with the climate
(temperature and humidity), with the member size and time of loading.
The final values in table 2.2 and table 2.3 are mean values, and apply
to concrete of grades 20 to 50 MPa subjected to a stress not exceeding
0.4 f. atage T, of loading.

Table 2.2 Final value for shrinkage strain € [107]

Atmospheric condition effective member size 2 A./u [mm]

50 150 600
50 % (dry; inside) -0.53 -0.51 -0.36
80 % (humid; outside) -0.30 -0.29 -0.20

Table 2.3 Final value for the coefficient ¢ of the creep deformations
for concrete grades < C50 *

Age at loading Atmospheric conditions
T [days] dry (indoors) bumid (outdoors)
(RH = 50 %) (RH = 80 %)
effective member size 2 A,/ u [mm]
50 150 600 50 150 600
1 5.6 4.6 3.7 3.7 3.3 2.8
7 3.9 3.2 2.6 2.6 2.3 2.0
28 3.0 2.5 2.0 2.0 1.8 1.5
90 2.4 2.0 1.6 1.6 1.4 1.2
365 1.8 1.5 1.2 1.2 1.1 1.0

* The values of the creep coefficient f must be used in conjunction with the
modulus of elasticity defined in table 2.1. For creep sensitive structures the
characteristic values for the creep and shrinkage coefficients should be considered
(see MC 90).

(2) The development of the shrinkage strain and of the creep
coefficient ¢, with age may be estimated from Fig. 2.7.

(3) For special structures and other conditions more detailed
information is required (see MC 90) or own tests have to be carried
out.
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2.1.6 Coefficient of thermal expansion MC 90, 2.1.8.3

The coefficient of thermal expansion may vary between 6 x 10¢
and 15 x 10 depending on the type of aggregates and the moisture
of concrete. For the structural analysis a value of 10 x 10 may be
taken. '

2.1.7 Fatigue strength

The properties of concrete in fatigue exhibit a large scatter, and
especially the tensile strength should be used with caution. For
ordinary buildings and bridges fatigue is rarely critical.
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2 Materials

2.2 Reinforcing steel
2.2.1 Steel grades

(1) The design may normally be based on a grade of ribbed steel

page 2 -8

selected from the values S400 or S500, where the numbers denote

the characteristic strength fyx (N/mm?2) defined in section 2.2.2.
Other values, according to national practice, may be chosen.

(2) As a criterium for ribbed surface the projected rib area as defined

by the European Prestandard ENV 10080 (April 1995) may be chosen.

2.2.2 Tensile strength

(1) The characteristic strength fy, is defined as the 5 % fractile of
the yield strength fy or the 0,2 % - proof stress (denoted as fp5 ).

(2) If the steel supplier guarantees a minimum value for fy or fy, ,
that value may be taken as the characteristic strength.

(3) The design strength is

MC 90, 2.2.4.1

fyd = fyk"’ Vs (2.7)
with: Ys = partial safety factor
Ys = 1.00 for SLS; Ys = 1.50 for ULS

2.2.3 Compressive strength

If the reinforcing steel is used in compression, normally the value fyx
respectively fyq applies, unless the actual value in compression (fyck)
is smaller than in tension (fyy) (reference should be made to the
approval document).

2.2.4 Modulus of elasticity and idealized stress-strain diagrams

(1) Due to the diversity and evolution of the manufacturing processes

for bars and wires, various stress-strain diagrams may be encountered

(2) As a simplification, actual stress-strain diagrams for all
reinforcements of structural concrete may be replaced by an idealized
characteristic diagram according to Fig. 2.8. Thereby the modulus of
elasticity E; may be taken as equal to 200 GPa.
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§ Fig. 2.8 Idealized stress-strain diagram for reinforcing steel
B 2.2.5 High bond reinforcement

Bars and wires may be considered to be high bond reinforcement if the
projected rib area fg (defined by ENV 10080) complies with the
following values: ' S '

fx = 0.039 for bar diameters 5 £ & < 6mm
fy > 0.045 for bar diameters 6.5 & < 85mm
fr 2 0.052 for bar diameters < @ £ 10.5mm
fg = 0.056 for bar diameters 11 £ @ < 40 mm
2.2.6 Ductility MC 90, 2.2.4.4

(1) Adequate ductility is necessary whether or not moment redistribu-
tion is taken into account in the calculations. For design purpose, this
may be defined by minimum specified values for the characteristic
value of the ratio f; / f, and the characteristic elongation g, at
maximum Joad as follows:

(/f,) 21,08 and ey 25% (2.8)

The characteristic value of the ratio f, / f, corresponds to the 5 %-
fractile of the relation between actual tensile strength and actual yield
stress.

(2) If the above values are not respected, refer to MC 90.

2.2.7 Ceefficient of thermal expansion

The coefficient of thermal expansion may be taken as 10 x 10° per
degree centigrade.
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2.2.8 Fatigue strength

(1) The characteristic fatigue strength Aogy is defined by S-N-curves.
(2) In the absence of test results the values adopted for Aoggy at 105
cycles may be Aogg =195 N/mm? for straight bars.

For bent bars with a mandrel diameter d, <25 @, these values
should be reduced by applying the following coefficient:

£ =035 + 0.026d,/9 2.9)

(3) For welded bars including tack welding and for butt joints the
value at 107 cycles may be taken as Aogg = 60 N/mm? .

(4) For couplers, the manufacturer must justify the strength by test
results by means of technical approval documents.

2.3 Prestressing steel
2.3.1 Steel grades

The grade of a prestressing steel shall be specified by its characteristic
strength fp 1y (defined in section 2.3.2) and its characteristic tensile
strength fou as S (fo,1x / fpu)-

2.3.2 Tensile strength
(1) The characteristic tensile strength of prestressing steel is fo i -
(2) The design strength is defined as a simplification by

fod = 0.90 foi / v5 (2.10)

with y; = partial safety factor as defined in sect. 2.2.2.
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2.3.3 Relaxation

The relaxation values to be taken into account for the final prestress
can be obtained '

(a) from data given in the approval documents, or
(b) by using approximate values, or o
(c) from the results of reliable relaxation tests.

In the absence of more accurate information, as the final value of
relaxation 2 6 % loss may be adopted for oy = 0.7 fp for low
relaxation steels and 12 % for other steels and the same initial stress.

2.3.4 Modulus of elasticity and idealized stress-strain diagram

B
B
B
Bl
Y
P
B
B
B
B
9

(1) In the absence of more accurate information, the stress-strain-
diagram in Fig. 2.9 may be used.

Unless more precise information is available, the moduius of elasticity
of prestressing steel may be taken as:

- E, = 205 kN/mm? for wires,
- Ep, = 200 kN/mm? for bars,
- By = 195 kN/mm? for strands.

Ao,

Characteristic strength
ST T ptic
/  Design strength ,
Steel stress op ; 0.8 fpzk/ ¥s
i
I
t
£ |
i
p £
p
g
Steel strain ¢, Euk

Fig. 2.9 Stress-strain diagram for prestressing steel
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2.3.5 Bond properties of prestressing reinforcement

(1) The bond properties of prestressing reinforcement may be
regarded equivalent to that of high bond reinforcing bars, if the criteria
in sect. 2.2.6 are satisfied.

(2) The bond properties of smooth wires should be determined, either
on basis of technical approval documents, or by means of tests
corresponding to the conditions of use. Approximate values for the
transmission and anchorage lengths are given in sect. 2.4.2.

2.3.6 Ductility MC 90, 2.3.4.4

It should be shown that the ductility of the steel is adequate for its use
in the event of a redistribution of stress. The unit elongation g, at
maximum load shall be at least equal to &, = 0.035.

2.3.7 Coefficient of thermal expansion MC 90, 2.3.5.3

The coefficient of thermal expansion may be taken as 10 x 10 per
degree Centigrade.

2.3.8 Fatigue strength

(1) The characteristic fatigue strength AGgre is defined as the 10 %-
fractile by S-N-curves .

(2) In the absence of test results, the values Acg given in Table 2.4
may be adopted for steel embedded in concrete.

Table 2.4 Fatigue strength Acgsy for steel embedded in concrete:
number of cycles N=10° N=2x10° N =100x10°
Pretensioning steel (straight): 185 175 120 N/mm?

Posttensioning steel:
- single layer of strand in plastic ducts

(straight or curved) 185 175 120 N/mm?
- curved tendons in plastic ducts 160 150 95  N/mm?
- straight tendons in steel ducts 160 150 95  N/mm?
- curved tendons in steel ducts 120 110 65  N/mm?
- couplers 80 70 30 N/mm?

fin/ nractdes/ landan/ 2 1rancr wed Final Nraft T andnan Contamhar 1004
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7.4 Bond between concrete and reinforcement MC 90, 6.9.3

2.4.1 High bond reinforcement 6.9.4
6.9.5

(1) Bars and wires may be considered to be high bond reinforcement if the
relative rib area fy satisfies the conditions given in sect. 2.2.6.

(2) The bond stress Tpg rhay be assumed to be constant over the
anchorage length Iy of a straight bar with the diameter ©:

b= 0 fa/( foa) 2.11)
with: foq = 1.05 fo 2.12)

limiting design value for bond stress Tpg for
good bond conditions (includes material safety factor )

(3) The values for f,4 and 1, /@ for good bond conditions are given in
Table 2.5 for the different concrete classes. '

(4) The bond conditions are considered to be good for the cases shown in
Fig.2.10. In all other cases the bond conditions are considered poor and
the limiting value f,4 should be multiplied by 0.70.

Table 2.5 Limiting values for the design bond stress fy and

anchorage length I, for the recommended concrete classes (for fyq =435 MPa)
C2g 25 C30 35 €40 C4s 59 C6d Ce C8d

fua 2.3 27 30 34 37 40 43 48 54 59

I, /@ 47.3 403 36.2 32.0 294 272 253 226 20.1 194

(5) The limiting value f,4 may be increased in the presence of transverse
pressure, so that the anchorage length I, may be reduced by the factor:

- 2 /3 in case of an in-plane transverse pressure like e.g. atan
end-anchorage over a support (C-C-T-node, see sect. 5.5.1).

- 0.50 in case of a similar pressures transversely to the possible
planes of spliting .

(6) For bar diameters & > 32 mm the limiting value fys should be
multiplied by [(132-8)/100].
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Fig.2.10 Conditions for good bond of the reinforcement

2.4.2 Bond of posttensioning reinforcement

The bond properties of ribbed posttensioning reinforcement in grouted
tendons may be regarded equivalent to that of high bond reinforcing bars,
if the criteria in sect. 2.2.6 are satisfied.

2.4.3 Bond of pretensioning reinforcement

2.4.3.1 Bond strength

(1* The design value of the bond strength fopa , including the material
salety factor, can be taken from Table 2.6. These values apply to good
bond conditions as defined in Figure 2.11; in poor bond conditions the
values should be multiplied by the factor 0.7.

Table 2.6 Design values of bond strength fopa for pretensioning tendons
Type of tendons C20 C25 C30 C35 C40 C45 C50 C60 C70 C80

7-wire strands 12 14 16 18 19 21 22 25 28 3.0
Indented or crimpedwires 14 1.6 1.8 2.0 22 24 26 29 32 35

fip/ pracides/ london/ 21concr.wsd Final Draft London Sentember 1996
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2.4.3.2 Transfer of prestress

(1) Atrelease of tendons, the prestress can be assumed to develop
linearly from zero to its full value over the following transmission

length lpy:
pt = O 0 O B ap /(4 fopa(t) ) 2.13)
where: oy = 1.00 for gradual release

= 1.25 forsudden release

o, = 0.50 for verification at release of tendons
1.00 for verifications in ULS

@ = mnominal diameter of tendon

PPOPPPTOOITOOL

i

Opi = presiress afier release and before time-dependent losses

fupa(t) = design value of bond strength according to Table 2.6
for concrete strength at time of release

2.4.3.3 Anchorage in ULS

The anchorage length in the ultimate limit state can be calculated as:

lopd = Topt T 04 @ (Opa - Gpes) / (4 fopa) (2.14)
where Iy, = transmission length acc. to equ. (2.13)
@ = nominal diameter of tendon,
Op¢ = Stress to be anchored

Opes = Dretress after all losses
fops = design value of bond strength acc. to Table 2.6
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3 Prestressing
3.1 Types and Definiton of Prestressing
3.1.1 Definition of prestress

(1) The prestress is applied by a construction controlled process
(prestressing) by stressing tendons (prestressing remforccment)
relatively to the concrete member. Generally, the prestress is defined
by the relative deformation between the prestressing steel and the
concrete member.

(2) Other means of prestressing are not considered in this document.

3.1.2 Tybes of presiress | MC 90, 4.1

(1) The prestress considered in these Recommendations is exerted by
tendons made of high-strength steel (wires, strands or bars).

Tendons may be used

(a) internal to the concrete, and
(al) pretensioned, or
(a2) post-tensioned; in this case they may be bonded by
grouting, or provisionally or permanently unbonded.

(b) external to the concrete; they may then be
{b1) totally within the external outline of the structure, or
(b2) partially or totally outside (except in anchorage points) the
outline of the structure. However, fatigue of such
structures requires special considerations and is not
covered in this document.

Further reference is made to the FIP-Recommendations "Acceptance
of post-tensioning systems” (1993).

{2) The prestress may be
- non-detachable and non-adjustable (which is always the case
for pretensioning and internal bonded tendons},

- non-detachable but adjustable,

- detachable and adjustable.

(3) Anchorages may be active or passive or coupling.
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3 Prestressing

3.2 Initial prestress
3.2.1 Prestressing steel

The tensile stress in the tendons should not exceed the following
values:

a) at the moment of tensioning: Opi = 0.80 foy

b) after transfer of prestress: Opo = 0.75 fox

3.2.2 Time of prestressing

Where particular rules are not given, the time when prestressing takes
place should be fixed with due regard to the following factors:

a) Conditions for the deformation of the component

b) Safety with respect to the actual compressive strength of concrete
c) Safety with respect to local stresses

d) Safety with respect to the anchorages of the tendons

e) Advantage of applying some prestress at an early stage

f) Early creep deformation in anchorage zones.

3.3 The decrease of prestressing force, the "losses of prestress"

The decrease of prestressing force, so-called "losses of prestress”,
should be determined thoroughly, because the prestressing force is to
be considered with its mean value only (see sect. 3.4.2).

3.3.1 Losses before releasing the tendons (pretensioning)
The following losses should be considered in design:

a) losses due to friction at the deflectors; and losses due to movement
in the anchoring devices (at the abutments) when anchoring on a
prestressing bed,

b) losses due to relaxation of the pretensioned tendons during the
period that elapses between the tensioning of the tendons and the
prestressing of the concrete.

fio/ oractdes/ london/ 3prestrwsd Final Draft London

page 3 -2

MC 90, 4.2

MC 90, 4.3.2

Centemher 1004

P"'"""'"PPPPF?FPF‘P""F?‘f?"f‘ﬁﬂﬁﬁﬂﬁﬁﬁﬁﬂﬁﬂﬁ



I PPO PO PG OOO PO P E P CC PP PP PP PIP PP P TP I P IOV PO T

FIP Recommendations 1996  "Practical Design of Structural Concrete”

3 Prestressing page 3-3

3.3.2 Immediate losses
(1) The following influences should be considered in design:

a) the instantaneous concrete deformation,
b) friction between tendon and sheathing,
¢) draw-in of the anchorage,

d) steam curing, etc..

(2) The losses due to friction may be estimated as follows MC 90, 4.33.2
Aoy = opi {1- exp{» (e + k x) t (3.1
where:
Acp; =loss of stress in tendon at 2 distance x from anchorage,
O = stress in tendon at the anchorage,

1l = coefficient of friction,
o = sum of the angular displacements along X,
k

= unintentional angular displacement (per unit length).

(3) If more accurate information is not available, the following

p- values can be accepted as being representative for uniubricated
tendons. The coefficient k depends essentially on the accuracy with
which the theoretical shape of the tendons is attained in practice; the -
following are approximate values for friction and wobble effects.

The following values p may be adopted:

a) metal sheathing:

- for strands: p o= 0.18-0.20
- for smooth wires: p = 0.18-0.20
- for wires that are not smooth: p = 0.30
- for bars: 3 0.30
b) other sheathing:
- for plastic ducts: u 0.14
- for unbonded mono-strands p o= 0.05-0.07
The following k-values may be assumed:
- in general: k = 0.005-0.010 m!
- in segmental construction: k = 0.010-0.020 m!

(4) With external prestressing, the friction is concentrated at deviation
devices.
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3.3.3 Time dependent losses

(1) The evaluation of the time dependent losses due to shrinkage and
creep of the concrete and relaxation of the steel should take into
account the interdependence of these phenomena.

(2) The time-dependent losses are calculated by considering the
following two reductions of stress:

(a) the reduction of stress, due to the reduction of strain, caused by
the deformation of concrete due to creep and shrinkage, under quasi-
permanent actions:

(al) for bonded tendons, the local deformation at the level of
the tendons has to be considered;

(a2) for unbonded tendons, the deformation of the whole
structure between the constraints of the tendons has to be
taken into account;

(b) the reduction of stress within the steel due to the relaxation of this
material under tension.

(3) The relaxation of steel depends on the reduction of strain due to
creep and shrinkage of concrete. This interaction may be taken into
account in a simplified manner by reducing the value of relaxation at
constant length by 20%.

(4) An assessment of the total loss of prestress due to shrinkage, creep
and relaxation can be carried out by means of the following formula:

aqb(t, iu)(O’cg + Uch) + EPE.«_-, + O.SAOP,- (3.2)
Acrp = " R
1+ a82 (1+%2) (1+ xd(t o))

where:

all compressive strains and stresses, as well as prestressing
losses are considered as negative.

a = E/E,

o (t, t,) = creep coefficient

to = age of concrete at prestressing
t = age of concrete at considered time
fip/ practdes/ london/ 3prestrwsd Final Draft London
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Gcg = Sstress in the concrete at the level of the tendons
due to permanent actions {exciuding prestressing},

It

Ocpo = initial stress in the concrete at the level of the tendons

-due to the prestressing alone
Aoy = Joss of stress in the tendon (negative) due 10
relaxation (at constant length) acting alone,

% = aging coefficient, which may be taken as 0.8 for
long-time calculations, '

3.4 Design considerations
3.4.1 Design value of the prestress and requirements

(1) In general, the effect of prestress has to be considered as descriped
in 1.3 (4) fir SLS and in 1.2 (5) for ULS. '

(2) The design value for prestress in'general is equal to the mean
value in SLS and ULS.

(3) Normally it is not necessary to consider different fractiles for the
prestressing force, but only the mean value

Pm = Pi-AP (3.3)

where: P mean value at time t for section at distance x from origin,
P; initial prestress at origin

AP immediate and time dependent losses.

{4y For most cases it is sufficient to consider the values of prestress at
two different periods:

a) Initial prestress (t = Q) after transfer of prestress:
Pmo = Pi- APg (3.4)

b) Long-term prestress (1 = o9):
Pme = P;- APg- AP.. (3.5)

In general, Ppo is critical for combination with the effects of
permanent actions at transfer, whereas Pp. i to be considered with
the total actions.
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(5) At transfer of prestress, Serviceability Limit State should be
verified for Pm, in combination with permanent actions. Restraining
effects during transfer shall be duly considere, such as caused by
deformations of the scaffolding or by longitudinal restraints, etc..

(6) The tendon anchorages shall satisfy the requirements of the "FIP
Recommendations for Acceptance of Post-Tensioning Systems" for the

load transfer from the anchorage into the structure (local zone around
anchorage).

(7) The transfer of the tendon force from the local zone around the
anchorage into the D-region of the member or structure can be verified
according to sect. 6.5.7. At Serviceability Limit State the initial
prestressing force P; shall be used as the applied tendon force. At

~ Ultimate Limit State the characteristic tendon force (A, fpk ) shall
be used as design value of the tendon force.

(8) Due consideration shall be paid to the forces in local zones caused

by deviations of tendons; the verification can be carried out according
to sect. 6.5.7.

3.4.2 Design of prestress
3.4.2.1 Definitions

(1) The following definitions are not intended as a classification of
structures with regtard to prestressing, but rather as an indication
concerning the design criteria to be applied. As a matter of principle,
the whole range from full prestress to no prestress (reinforced
concrete) is allowed,and it is up to the designer to choose the most
appropriate degree of prestressing for a given structure.

(2) For the structural behaviour of prestressed structures the degree of
prestress may be defined in either of the following ways:

a) The mechanical degree of prestressing pertains to the ULS, and it is
defined as:

A= Ap 0.9 fplk [ [ Ag fye + Ap 0.9 fou ] (3.6)
where

Ap = area of prestressing steel in critical sections,

Ag = area of reinforcing steel in critical sections,

fpuk = characteristic strength of prestressing steel,

fyk = characteristic strength of reinforcing steel.
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3 Prestressing page 3 -7

B

The mechanical degree of prestressing is, amongst others, particularly
helpful in comparing designs based on different loading regulations
and in appreciating test results. IR ' :

b} The degree of load balancing pertains primarly to the SLS, and it is
convenient for shallow members where deflection control for a given
level of SLS loading is an important consideration. It is defined as:

K = 5,/5; or Mp / M, or plg (3.7
i {general) {normal) (special)
{ where:
5 Sp = (total) action effect due to prestress,

Sg = action effect due to permanent load,

M, = bending moment due to prestress,

M, = bending moment due to permanent load,

p = equivalent load due to prestress,

g = permanent load.

3.4.2.2 Design criteria for prestress

(1) The design criteria shall be established in order to combine the
advantages of reinforced and prestressed concrete behaviour. The
prestress mainly effects favourably the structural behaviour under
service load conditions. The cracking load is increased and the steel
stress after cracking are lower resulting in smaller crack widths.
Furthermore, deflections for permanent loads can always be controlled
by prestressing.

(2) The design criteria for prestressing may be based on the
deflection contro} (common for slabs) or by limiting tensile stresses in
the concrete to avoid cracking {(common for beams) under frequent or
permanent loads.
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(3) Typical amounts of prestress in structures vary considerably with
span, loading conditions, local codes, etc.. The amount of prestress
can be expressed in different ways, and the following values can be
often found and may serve as a starting point in a conceptual design.

Average Load ratio per
prestress ) balancing ?  surface ¥
[N /mm?] [%] [kg/m?]
Office floors 1.0 - 2.0 60 - 100 4 -8
Raft foundations 0.75 -1.50 60 - 100 10 -20
Precast beam bridge
(spans 20 - 35 m) — --- 15 -25
in-situ box girder bridge
(spans 35 - 100 m) --- - 30 -40

precast segmental box girder
bridge (spans 35 - 100 m) - - 35 - 45

1) Total effective prestress divided by total concrete section

2) Total effective deviation force of prestress divided by total permanent loads

3) Total weight of prestressing steel divided by surface of structure

fip/ practdes/ london/ 3prestrwsd Final Draft London September 1996
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4 Technological Details and Durability Requirements page 4- 1

l . ® H 't R 3 t :
4 Technological Details and Durability Requirements MC 90, 1.5.2

4.1 Exposure classes

Environmental conditions mean those chemical and physical actions to
which the concrete is exposed and which resuit in effects that are not
considered as loads or action effects in structural design. in the
absence of a more specific study, these environmental conditions may
be classified in the exposure classes given in table 4.1, :

Table 4.1: Exposure classes related to environmental conditions

Exposure class Environmental conditions

1. Dry eavironment® ¢.g. interior of buildings for normal
habitation or offices
2. Humid environment B
{a) without frost e.g.
- interior of buildings where humidity is bigh
{¢.g. in commercial laundries)
- gxferior components
- components in non-aggressive soil and/or water
(b) with frost e.8. o '
- exteriof components exposed to frost
. components in pon-aggressive soil and/or water
and exposed to frost
- interior components when the humidity is high
and exposed to frost
3. Humid environment with ¢.g. interior and exterior components
frost and de-icing agents exposed to frost and de-icing agents

4, Sea-water environment
(a) without frost e.E. _
~ components partially immersed in sea-water or in
the splash zone )
- components in saturated salt air (coastal area
{b) with frost &g,
- components partially immersed in sea- water or int
the splash zone and exposed to frost
- componeats in saturated salt air and exposed to frost

5. Aggressive chemical environroent®® refer to MC 90, ENV 206, ISO.......

% This exposure class is valid only as long as during construction the structure of
some of its components is not exposed 1 More severe conditions over a peried of

several months,
% May occur alone or in combination with classes i-4,
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4.2 Durability Design Criteria MC 90, 8.4.1

o)) In order to satisfy the durability requirements the following
criteria should be used:

a) An appropriate structural form should be selected at an early stage
of the project, in order to avoid disproportionately sensitive structural
arrangements and to secure adequate access to all critical parts of the
structure for inspection and maintenance.

b) An appropriate quality of concrete in the outer layer ("skin") of the
structural elements shall be secured. A dense, well compacted and well
cured, strong and low permeability concrete is needed, which should
not exhibit map cracking. Besides, an adequate thickness of cocnrete
cover should be provided.

c) Adequate detailing of all structural concrete elements should ensure
the integrity of critical surfaces or corners and edges in order to avoid
any unforeseen concentration of aggressive influences.

d) Under specified environmental conditions and/or for small diameter
reinforcing bars or prestressing single wires, nominal crack widths
should be controlled under specified load conditions to avoid
depassivation during the specified design life.

e) Under strongly aggressive environmental conditions, protective
surface coatings may be needed.

(2) All exposed concrete surfaces should be adequately drained. Only MC 90, 8.4.2

preplanned ponding may take place.

(3) Dra‘nage of water over concrete should be limited as much as
possibie, and drainage over joints and seals should be avoided.

(4) In the selection of structural form adequate care should be taken to
provide robustness against deleterious liquid or gaseous substances
penetrating into the structure.

(5) The geometry of exposed structural components and the form,
type and placing of joints, including construction joints, connections,
and supports should be chosen such as to minimize the risks of local
concentrations of deleterious substances. These concentrations may
develop on the surface of the structure as well as within the concrete
when these substances enter the concrete by permeation, diffusion,
capillary action or similar.

FIP/ practdes/ london/ 4techn.wsd Final Draft London September 1996
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4 Technological Details and Durability Requiremnents page 4 - 3

i i b

(6) Care should be taken in the detailing of facades of buildings and
structures in order to allow easy drainage of water and to facilitate
ciean-washing.

(7) Surface areas subjected to wetting splashing or water accumulation
should be kept as small as possible. ' '

ENV 10080 (1994}

i 4.3 Preferred nominal diameters for reinforcing bars

(1) The range of preferred nominal diameters & (mm) for bars is as
follows: 6, 8, 10, 12,14, 16, 20, 25, 32, 40.

(2) Preferred diameters for wires used in welded mesh lie in the range
1 5 to 12 mm in steps of 0,5 mm, plus @14 and D16.

4.4 Minimum cover of reinforcements - - MC 90. 8.4.3

{1} The minimum distance between any concrete surface and the
nearest reinforcement bar, respectively of the nearest prestressing
tendon or the sheathing for such tendons, shall be obtained from Table
4.2. The values are absolute minimum values with no downward
tolerances allowed.

For exposure classes 2 to 4 the minimum values may be reduced by
5 mm, if the concrete strength class is at least C40.

(2) The nominal values, Cpom , are equal to the minimum values plus  MC 90, 10.4
tolerance according to the rule

Coom = Cmin + tolerance ' 4.1

Tolerance should be taken as 10 mm unless in the individual case it
can be demonstrated that a lower value is obtainable (e.g. in the case
of intensified quality control). The tolerance should not be less than 5
mrm. The relevant values are given in Table 4.2,
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Table 4.2 Minimum cover Cpin

Exposure reinforcing bars prestressing reinforcement
class Crmin Coom Crnin Cnom
[mm] [mm]
1 10 15 or 20 20 25 or 30
2 25 30 or 35 35 40 or 45
3,4 40 45 or 50 50 55 or 60
5 L L] * *

* Depends on the individual type of environment cncountered.

(3) To ensure that bond forces are safely transmitted and to prevent
spalling of the concrete, the minimum cover of any bar, tendon or
sheathing of diameter & should be at least equal to & (sect. 6.9.7.1).

(4) When anchoring is made by means of bends, hoops or loops, it is
recommended that in the anchorage zone, the thickness of the cover
should be equal to 3 & .

(5) Where fire resistance is needed, other limits may apply.

4.5 Clear bar distances in the horizontal and vertical direction
MC 90, 9.1.3
4.5.1 Generally

(1) The bars in the various horizontal layers should be arranged in
vertical planes, leaving sufficient space between them to allow for
internal vibration. However, bundling is allowed, see sect. 5.8.

(2) The intermediate horizont or vertical free space between parallel
single bars or horizontal layers of parallel bars, should be at least equal
to the larges bar diameter but not less than 20 mm.

(3) The maximum size of the aggregate should be chosen to facilitate

concreting and adequate compaction of the concrete surrounding the
bars.
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FiP Recommendations 1996 "Practical Design of Strucrural Concrete”

4 Technological Details and Durability Requirements page 4- 5

4.5.2 Members with post-tensioned prestressing reinforcement MC 90. 9.1.7
: , 7.1,

(1) The sheathing shall be located so that
- the concrete can be safely placed without damaging the sheathings.

- the concrete can resist the forces from the sheathings in the curved
parts under and after tensioning. '

- no grout wilt leak into other sheathing during the grouting process.

3 The minimum horizontal and vertical free spacing for the
tendons are given in Fig. 4.1,

dg+5 mim

ChZI 1]
T’Z"f 50 mm

O O
Too
g O O

-

dg
@
40 mm

Fig. 4.1 Minimum clear spacing for sheathings
(where dg is the maximum aggregate size)

.5.3 Memb it tensi i i
4.35.3 Members with pretensioned prestressing reinforcement MC 90, 9.1.7

The minimum horizontal and vertical free spacing of tendons are given
in Fig.4.2. Rules for bundling are given in sect. 5.8.

dg+5 mm
Cn 2 [ o
,%_4 20 mm
370 O_ d
g

Gzig

O o 10 mm
Fig. 4.2 Minimum clear spacing for pretensioning tendons

(where d, is the maximum aggregate size)
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FIP Recomm. 1996 “Practical Design of Structural Concrete”

5 Strength of ties, struts and nodes page 5- 1

5 Strengths of ties, struts and nodes of strut-and-tie models

§.1 General

The elements of a strut-and-tie model are ties, struts and nodes. A tie
normally is the resultant of a layer of reinforcing bars or prestressing
reinforcement. A strut may either represent the resultant of a parallel
respectively a prismatic compression stress-field {(e.g .a compression
chord or inclined struts in webs) or a fan-shaped compression stress-
field (Fig. 5.1). A node is a confined velume of concrete, where either
struts intersect or struts are deviated by ties anchored in the node.
Nodes also follow from the reinforcement layout by deviating and
splicing the reinforcements.

[o]
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T

o e e e o e e it e ehnd
JEPSR.
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-
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B et o

A e

B
(]

-

|

a) paraliel or prismatic stress-field b) fan-shaped stress-field

>
Le)

Fig. 5.1 Typical compression stress-fields for struts

5.2 Strength of steel ties
MC 90, 6.2.4

(1) In the ultimate limit state normally the tension reinforcements
yields, so that the stress in the tie is (see sect. 2.3 and 2.3):

- for reinforcing steel: O = fy (5.1)

- for bonded prestressing steel:  Gpg = fpa (5.2)

In the latter case it is considered, that the steel has been prestrained o
such an amount, that the additional stresses due to loads lead to

yielding.

L T T
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5 Strength of ties, struts and nodes page 5- 2

(2) The resisting force of a tie is:

(3) In cases the prestress is applied as an external load in the analysis
only the reserve capacity beyond the stress Gpp, at decompression
due prestressing force can be utilized:

AGpy = fpa - Oppo (5.4)

(4) The stress - strain diagrams are given in sections 2.2.4 and 2.3.4.

5.3 Strength of Struts
5.3.1 Concrete strut in uniaxial compression MC 90, 6.2.2.2

(1) The basis for any design strength is the uniaxial design strength
fica of concrete in compression as defined by equ. (2.1).

(2) The capacity of a strut may be determined from the compatibility
of strains by using realistic stress-distributions respectively constitutive
laws. Normally the parabola-rectangle stress diagram (Fig. 2.2) is
recommended, but as a simplification also the bi-linear diagram

(Fig. 2.3) may be used.

5.3.2 Capacity of a parallel compression field or prismatic strut

(1) The capacity of a prismatic strut or a parallel compression field of
a strut-and-tie model is reduced to an effective strength fcq e out of
different reasons. This strength depends on the state of stress and
strain, as well as on the crack widths and geometrical disturbances,
and it may be expressed in terms of the two alternative reduction-
factors v; and v;:

feaefft = Vi flea OF  feg ef = Vo2 fiea (5.5)
The resisting force of a strut is :
Frea = Ac fed, eff (5.6)

with A, = x. b =area of compression strut (Fig. 5.1)
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5 Strength of tigs, struts and nodes page 5- 3

(2) The reduction-factor vy applies to an uncracked strut, if a
rectangle stress-block is used instead of a realistic stress-distribution.
In case of a compression chord of a beam with a linear strain
distribution, the resuitant force may be calculated with an average
stress feq, eff Over the full depth of the compres_sion zone (Fig. 5.2)

with: | |
vy = (1~ /250) - {5.7)

The corresponding maximum strain at the extreme concrete fibre is:
Eou = = 0.004 4 0.002 (fx / 100) (5.8)

vy - fed
W
—- F:Ficd
strain  stresses

Fig. 5.2 Rectangle stress-distribution (stress-block)

(3) The factor vy covers several influencing effects:

a) vy = 0.80 (5.9 2)
for struts with cracks parallel to the strut with bonded
transverse reinforcement; the reduction is due to the
transverse tension and to the disturbances by the
reinforcement and the irregular crack surfaces.

b) va = 0.60 (5.91b)
for struts transferring compression across cracks with
normal crack widths, e.g. in webs of beams.

¢} va=045 (5.9¢c)

for struts transferring compression over large cracks, like
e.g. in members with axial tension or in tension - flanges.

(4) Alternatively for the cases b) and ¢} (v2 = 0.60 or 0.45) the
effective strength of struts with a transfer of forces over cracks may
also be assessed by means of the constitutive laws for friction, given in
sect. 5.4. Thereby due consideration has to be paid to realistically
assess the spacing of cracks and the strain conditon.
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5 Strength of ties, struts and nodes

5.3.3 Reinforced struts

(1) Reinforcing steel bars shall only be considered effective in
compression struts if they are placed parallel to the strut, like in a
compression chord or in a column.

(2) The bars must sufficiently be secured against buckling by
transverse reinforcement, the amount of which is given in sect. 8...

(3) The resisting force of a reinforced strut is:
Fre = Ac fcd, eff + Asc Oscd (5.10)

with: A, =area of the compression strut
fed, eff = V1 fica in chords of beams and columns
A, = area of compression reinforcement

Osca = € Ec £ fycd

5.3.4 Confined concrete struts

(1) The capacity of a strut may be increased by means of an
appropriate amount of transverse reinforcement confining the concrete
core Acc. The increase in strength may be assessed by the following
relationship shown in Fig. 5.3:

page 5 - 4

MC 90, 6.2.5

MC 90, 3.5.2

fecd/ flea = 1 + 1.6 0Ly, (5.11)

with o and , as defined in Fig. 5.3 for typical cases.

(2) The resisting force of a strut is:

Fre = Acc fecd (5.12)

with: A, = the concrete core encompassed by the confining

transverse reinforcement

(3) The increase in ductility is important for the behaviour of
members under reversed loading and earthquakes, and it may be
assessed by the relationships given in MC 90, 3.5.2.1 (Fig. 3.5.8).
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FIP Recomm. 1996 "Practical Design of Structural Concreie”

Cpage 5- 5

5 Strengeh of ties, struts and nodes
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0 01 02 03 04 05 B it 01 02 03 04
b} coefficient « ¢) capacity of confined concrete

Fig. 5,2/ A Capacity of confined concrete struis

$.3.5 Struts crossed by bars or ducts

(1) If a strut is crossed by bars or ducts with the sum of diameters
greater than b/ 6 (b = width of strut), the compressive stresses shall
be calculated on the basis of a reduced width:

b[ed = b - h Eﬁ (5.13)

with: = @ = sum of the diameters of bars or ducts at
most unfavourable level

n = coefficient depending on the stiffness of bars or ducts

n = 0.5 for bonded bars or grouted ducis,
n = 1.2 for unbonded tendons and ungrouted ducts
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(2) The capacity of the strut is given by:

Fre = (Xc bred) fed, eff (5.14)

with:  x = depth of the strut (Fig. 5.1)
fea, efr = effective strength acc. to equ. (5.5)

(3) Due consideration shall be given to the provision of transverse
reinforcement.

5.4 Strength of Concrete Ties

(1) Although normally reinforcement is provided for taking the major
tension forces, the ultimate capacity of a member often relies on the
tensile resistance of concrete, like in case of members without
transverse reinforcement or for bond and anchorages. The axial tensile
strength defined in sect. 2.1.4 is the basic reference value for assessing
the strength of concrete ties or cracking loads.

(2) For modelling uncracked regions in members the parallel biaxial
stress-field in Fig. 5.4 may be used. It may also represent the
behaviour of the concrete between cracks, like in case of webs without
transverse reinforcement (slabs without shear reinforcement (sect.
6.5.1), whereby the concrete tensile strength cannot fully be utilized.

|
-
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M T
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T e
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=[snakEdinnuile /L\,.:_. ;
+ —_—— — —  —)
|
a) rectangular plate-element b) skew plate-element for webs
Fig. 5.4 Parallel biaxial tension-compression field in the concrete
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FIP Recomun. 1996 “Practical Design of Structural Concrere”

3 Serenpth of ties, struts and nodes ' page 5 - 7

(3) The biaxial bottle-shaped tehsiomédmpréssion stress-field in.
Fig. 5.5 may be used for modelling uncracked D-regions. lts capacity
relies on transverse tensile stresses in the concrete, and these depend
on the ratio of the width a of the loading plate to the total width b.
For a ratio of about a/b =0.50 the lowest value for the cracking
load is attained for the pressure p,= 0.60 ficq .

1 P
a
(X ﬁ é/oo EEEEXX RN U&Hé’go
g T
!
SEREny )
T _—'}Tl s
\ f \
NAad ,
AT i\
s e
AC Pa % % Pa
A | cre e
a) stress-trajectories b) strut-and-tie model

Fig. 5.5  Botde-shaped tension-compression field in the concrete for
determining cracking loads of D-regions [Schiaich / Schifer (1993)]
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5.5 Transfer of forces by friction across interfaces
5.5.1 General

(1) The capacity for the transfer of compressive forces across an
interface by means of concrete-to-concrete friction depends on the
condtions of the interface and the material characteristics of the of the
adjacent members. The capacity may generally be assessed by a shear-
friction law:

g = B fom + B Of (3.15)
with: B = coefficient for the strength without normal stresses

o = normal stress on interface

p = friction coefficient for the roughness of the interface

fam = average concrete tensile strength (Table 2.1)

(2) The strength of a strut transferring a parallel or prismatic
compression field across an interface or a joint inclined at an angle oy

(Fig. 5.6) may be derived from equ. (5.15) and be expressed in terms
of an effective strength:

fed,eff = Vi fica (5.16 a)

fom 1 + tanZoy
with: v3 =B <1.0 (5.16 b)
flea tanoy —p

of = angle between direction of strut and joint

IEEEERRERRE!

F0 2 = g

f | tana =
— cdett )
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a) geometry and stresses b) factor v; for the effective strength

Fig. 5.6 Transfer of compressive stresses of a strut across an
interface or a joint by friction
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5.5.2 Transfer of strut across joints

(1) The following values in table 5.1 may be assumed for the
coefficients § and p in equ. (5.15) according to the relevant interface

condition.

(2) The maximum shear stress to be transferred shall be:

Tg = 025 freq - (50

Table 5.1  Coefficients § and u for the friction resistance of joints

Interface condition B 1

VEry smooth 0.1 0.6
e.g. cast against steel or smooth wooden moulds _
smooth o o 0.2 - 0.6

e.g. slipformed or extruded, or left without further treatment afier vibration

rough or toothed (indented) 04 059
c.g. with exposed agregate, roughened by raking or brushing or provided with

shear keys {indentations)

£.5.3 ’i‘mn_sfer of strut over cracks (crack friction)

For crack widths not larger than 0.5 mm the capacity for the transfer
of forces due to concrete-to-concrete friction over cracks may be
assessed for concrete grades o <50 as follows:

e = 0.50 foum + 1.20 oO; ' ' ' {5.18)
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5.6 Strength of Nodes and Anchorages
5.6.1 General

(1) The nodes shall be dimensioned and detailed so that all forces are

balanced and any ties are anchored or spliced safely. The concrete is

bi- or triaxially stressed, either only in compression in C-C-C-nodes

(C = compressive force, strut) connecting struts or in compression and

tension in C-C-T- or C-T-T-nodes (T = tension force, tie) if bonded

reinforcement is anchored or spliced. The nodes must generally be

verified by the following checks:

- verification of the anchorage of ties in the node.

- verification that the maximum compressive stress does not exceed
the effective compressive strength.

(2) The anchorage length is defined by the begin and end of the
deviations of the compression field by the reinforcement. Any
anchorage of reinforcement requires transverse tension, which
normally should be taken by reinforcement (additionally or existing),
but often has to be taken by concrete tensile stresses. Therefore the
transfer of the forces into the struts should be thoroughly investigated
three-dimensionally, e.g. in the plane of load transfer and
perpendicular to it.

(3) For C-C-T- or C-T-T-nodes the check of the compression
stresses is often not decisive, because either the anchorage length or
the limitations for the support pressure for the bearings govern the
node dimensions. If in a general case such a check is required, a value
of v, = 0.85 may be taken for the effective strength.

5.6.2 Compression nodes

(1) In nodes connecting only compression struts the bi- or triaxial
hydrostatic compressive strength of the concrete may be utilized:

- for biaxial compression: faeqg = 1.20 ficq (5.19a) (= 1.00 f.q)
- for triaxial compression: ficg = 3.88 fica (5.19b) (= 3.30 fq)

When utilizing such high strengths the magnitude of the transverse
compression must be secured and shall be critically examined. The
flow of the forces in the structure must be further followed up, because
transverse tension may occur requiring a corresponding reinforcement.
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(2) Typical compression nodes are shown in Fig. 5.7. The capacity of
the node may be checked by the local pressure oy (= =0y I in Fig. 5. 7)
undcr the loaded area Ac() (see Fig. 5.8):

G = Fsa / Aco < fiea VA A < i (520
with: A = the maximum area in A with the same centroid

as the loaded area Ay

Special considerations should be made in case of non-evenly
distributed pressures and additionally applied horizontal forces.

(3) In special cases like prestressing anchorages locally higher
strengths may be utilized by confining reinforcement, if relevant
approval documents are provided.

~1Co
pree L) {3
:,"m( 'I

T

NI ANEY

[0 ™~ g . C Ty
Cs Cs ».:3‘ \\oﬁ 1{ 5 B, =3
‘!;ﬁ T3 ?;;—Om '
C: € Cy % Cir
O ?L— G |

b) compression node for 5 struts, ¢.g. at intermediate supports
Fig. 5.7 Typical compression nodes

7
% ot
f \’T'Acl Ac

Aco-
Fig. 5.8 Definition of areas for local pressures
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5.6.3 Bends of bars and minimum radii of curvature of tendons
5.6.3.1 Bends of bars

(1) A typical node with a bend of a bar is shown in Fig. 5.9. If the
angle 6 is not equal to 45°, a part of the strut force is anchored at the
bend. The average compressive stress at the node may be assessed by:

6. =C /bdy cos0 < vy fiea = 0.80 fieq (5.21)

with: b = width of the strut at the node
dp, = diameter of bend

Fig. 5.9 C-T-T- node with a bend of a bar

(2) The diameter of mandrel should be such to avoid crushing or MC 90, 9.11.2.
splitting of the concrete under the effect of the bearing pressure inside
the bend and to avoid cracks in the steel bar due to the bending.

These requirements are covered if the minimum diameter of mandrel
of bars complies with the values given in Table 5.2.

Table 5.2 Minimum values for the diameter of mandrel

hooks and loops (Fig.5.11)  bent-up bars and curved bars

bar diameter @ concrete cover perpendicular to
the plane of the bend
<20 mm 220 mm 100 mm >50mm < 50 mm

and 7@ and 3@ and €30

4 O 10 10 © 15 © 20 @
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(3) The minimum diameter of mandrel of welded mesh fabric should

comply with Fig. 5.10.

welds outside bend welds inside bend
5 : kN \ N
v Yoy {!‘\ ( %
14 iy i B
d<4@; 206G 209
d=4 @ :seetable 5.1
Fig 5.10 Minimum diameter of bend for welded mesh fabric

£.6.3.2 Minimum radii of curvature for tendons

(1) Unless otherwise stated in technical approval documents, the
following approximate values may be taken from an empirical formula

for the minimurm radii of curvamre:

a) internal, bonded tendons in corrugated ducts:

Rmin [m] = 3 Vi Ap[MN] 225 m

b) external, unbonded multistrand tendons in smooth pipe:

Rmin [m] = 1.5 Vi Ap[MN] 2 2.0 m

¢) internal, unbonded monostrand tendon (0.6 in diam.):

5.6.4 Nodes with anchorages of reinforcing bars

{5.22 a)

{5.22 b}

(5.22 ¢)

(1} The anchorage length lp ne depends on the type of anchorage as
well as on the actual stress in the reinforcement, and it can be
calculated from the basic value 1, as follows:

oot = 0 I ( Asrequ/ Asprov )

with: 1y

As.requ

Asprov = Drovided area of reinforcement

{5.23)

=" basic anchorage length acc.to equ.(2.11)
= required area of reinforcement

o, = coefficient for type of anchorage, see Fig. 5.11
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Coefficient a, for anchorage in:

Anchorage element Tenslon p?eosns.llt_)n
[~ |
e = q 1-0 1-0
b |y e A
25?{\ Hook =50 Bend Loop |
@d - /II 07 | 10
£ t—
a=135"° ' 185° > a=90" '
F— lpnet = F— lpnet —- F— Iy net —J‘-
o |
x—':_‘_—*:! 0-7 0-7
i— Ib net —-
259‘5\/\ Hook =50 Bend Loop [
2 | 0-5 0-7
a=135° ' 135° > a=80" g
J“'bnet_'l" J’-'bnet'-l‘ J'—Ibnet'l‘

Fig. 5.11 Coefficient o, for the type of anchorage

(2) A minimum anchorage length should be provided of
- for anchorages in tension: lomin =0.3 Iy, >10 @ >100 mm

- for anchorages in compression: lpmin = 0.6 I, >100 >100 mm

(3) A transverse reinforcement with an area of 25 % of that of the
main reinforcement should be provided for all anchorages, unless a
sufficient transverse compression exists. The transverse reinforcement
should be evenly distributed over the anchorage length, with at least
one bar placed near the hook, bend or loop.

(4) Bars with diameters & >32 mm should be anchored by bond of
straight bars or by means of mechanical devices.

(5) The transverse reinforcement may be anchored in the chords using

one of the anchor elements shown in Fig. 5.12. Bars with diameters
greater than @16 mm should not be used as transverse reinforcement.
Inside hooks or bends a longitudinal bar should be provided. The
diameter of bend for hooks and loops must comply with sect. 5.6.3.

FIP/ practdes/ london/ Sticstrt. wsd Final Draft London

September 1996
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g, 3 EE

% 0p>70mm B Ay £ -

A 1 oaly oAl s
N\ : il
>0.7¢ ot

¢ L ¢

{a} tb) {c} @

Fig. 5.12 Types of anchoragees for the transverse reinforcement

(6) Typical cases for a C-C-T- node with end-anchorages of
reinforcing bars are shown in Fig. 5.13. The concrete stresses Gy in
the inclined strut depend on the depth u of the node. Fig. 5.12 a shows
the extreme case with u = 0 due to no anchorage length behind the
anchor plate, whereas Fig. 5.12 ¢ applies to nodes where several layers
of bars are anchored. In the latter case the heightu should be =
restricted to a value u < 1.5 a;, and in case of very high forces T, the
transfer of the strut force C; across the top interface by friction should
be checked acc. to sect. 5.5, |

For the limiting values for the concrete siresses the value vy = 0.85
applies, see sect. 5.6.1 (3). - '

.':rc\\g
Z zy\f

Fig. 5.13 T-C-C- node with an end-anchorage of reinforcement

{7) The end-anchorage of hooks in a C-C-T- node in Fig. 5.14
demonstrates, that all three directions of a node with an anchorage
should be looked at. The anchor plate should not be placed less than
about 2 ¢ (with ¢ = concrete cover) from the edge in order {¢ avoid
any spalling off of the botiom corner.
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1 el
¢ LI *
ol dy /2
A
-’L— I, net —1—
a A A _A A

]

w|| st

Fig. 5.14 End-anchorage of bars with hooks

(8) At intermediate supports of less slender beams and deep beams
the reinforcement may have to be anchored in the node shown in

Fig. 5.15, which combines the two types of a C-C-C - node with a
C-C-T- node.

Fig. 5.15 Combination of different node types at intermediate
supports of deep beams and non-slender beams

(9) The anchorage lengths of pretensioning reinforcement is dealt with
in sect. 2.4.3.
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5.6.5 Nodes with anchoring devices

(1) In case of short anchorage lengths anchor-plates or anchoring
devices shouid be provided. These should not be placed in the tension
zones of members :

(2) If an anchor- plate is used, then the load transfer from the tie to
the struts may be regarded like a compression node (Fig. 5.16). The
anchor-plate must be dimensioned for the relevant stress distribution in
the node face. S

(3) The use of :inchoring devices like studs, butten heads or bolts
requires appropriate technical approval documents.

Cq
T
C T——C2 e
! 8 el )
oder ,L_ G;\
Cs
T

Fig. 5.16 Anchor-plates for the end-ancherage of reinforcing bars
result basically in a C-C-C - node

5.7 Splices of reinforcements
5.7.1 General requirements

(1)} Forces may be transmitted from one bar to another by
- lapping without or with hooks, bends or loops.
- weiding.
- mechanical devices.

{2) Any splice requires transverse tension in the plane of load transfer
and perpendicular to it, which should be taken by appropriate
reinforcements,

Ty
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5.7.2 Splices by overlapping of bars MC 90, 6.9.1

5.7.2.1 General requirements 9.1.

cercrre

(1) Laps between bars should be detailed such that the forces are fully
transmitted from one bar to the other without causing spalling of the
concrete cover or excessive cracking. Laps should not be located at
sections, where the stress in the reinforcement is high, e.g >0.80 fyq.
Laps should be placed symmetrically and parallel to the outer faces of
the member.

(2) The laps between bars should be detailed and staggered in
accordance with Fig. 5.17.

.

ijeat
Fig. 5.17 Staggering of lapped bars

Fa:ct

5.7.2.2 Lap length
MC 90, 6.9.

Feeeccreccecerreerree

(1) The required lap length is given by
lo = 0 lbpet 2 lomin (5.24)
with: ly e = anchorage length acc. to equ.(5.23),

o = coefficient given in Table 5.3 depending on the
percentage of bars lapped within 1.3 lp from
the centre of the splice (see Fig. 5.18).

(2) The required lap length should be increased by the spacing
between the spliced bars, if this spacing exceeds 4 .

(3) The minimum lap length lomin IS

lomin > 15 & or > 200 mm (5.25)

receCccOoCcOoOPOTPOPPrLOPTRTTSP
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| 065, | 085, |
I One section ;

Fig. 5.18 Staggering of lapped splices

Table 5.3 Coefficient o for the lap length of lapped bars

Percentage of lapped bars bars in
relative to total area of steel <20% 25% 33% 50% >50% compression

coefficient O 1.2 1.4 1.6 1.8 2.0 1.0

5.7.2.3 Permissible percentage of lapped reinforcement

(1) For lapped bars in tension 100 % may be lapped in one section, if
they are placed only in one layer. For bars in several layers only 50 %
may be lapped in one section.

(2) For lapped bars in compression 100 % may be lapped in any
section

5.7.2.4 Transverse reinforcement

(1) The transverse reinforcement available out of other reasons may MC 90, 9.1.2.2.3
be also be regarded to cover the transverse tensile forces of a lap, if

bars of less than 16 mm and if less than 25 % of the total

reinforcement are lapped.

(2) If bars @ > 16 mm or if more than 25 % of the total reinforce-
ment are lapped, a special transverse reinforcement should be placed.
The amount and distribution of which corresponds to the principles
stated in sect. 5.7.4. These bars should be placed between the lapped
bars and the concrete surface and the amount and distribution should
comply with that given in Fig. 5.19. For a spacing of laps less than
10 & the transverse reinforcement should consist of stirtups.
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a) in tension b) in compression

Fig. 5.19 Detailing of lapped bar splices

5.7.3 Lapping of welded mesh fabrics

(1) Laps between bars should be detailed such that the forces are fully
transmitted from one bar to the other without causing spalling of the
concrete cover or excessive cracking. In general, laps should not be
located at sections, where the stress in the reinforcement is high, (e.g

>0.80 fyd Yi

(2) Laps may be made either by intermeshing or layering of the sheets
(Fig. 5.20), whereby intermeshing should be adopted for repeated

loading.

MC 90, 6.9.8

a) intermeshed laps b) layered laps
Fig. 5.20 Types of laps for welded fabrics

(3) The lap length 1y should be calculated as in section 5.7.2.2:

b = 0 lbpee > lomin (5.26)
with:
o, = 0.50 M- and 1 < o5 <2
s, prov
lomn = max30.75 Iy, 15D, S , 200 mm ¢
lbne = value given by equ. (5.23)
As prov = Vvalue acc. to sect. 5.6.4
Sir = spacing of cross wires
FIP/ pracides/ london/ Stiestrt.wsd Final Draft London September 1996
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(4) Laps in several layers should be staggered by 1.3 _lb.

(5) The maximum percentage of the main reinforcement that may be
lapped by layering at any one section is: '

- 100% if Ag/s <1200 mm?/m,

- 60 % if Ag/s >1200 mm?/m, and this mesh is an
interior layer of a multiple layer.

For intermeshed fabrics the clauses of section 5.7.2.3 apply.

(6) All wires acting as secondary reinforcement and the cross wires of
lapped wire meshes may be lapped in one section.

(7) No additional transverse reinforcement is required within the lap
length. - o

5.7.4 Splices by mechanical devices

The use of mechanical devices reguires appropriate technical approval
documents. These should specify the following characteristics of the
connection: '

- charactersitic values of yield and rupture strength.
- deformation properties of the connection.
- fatigue characteristics.

‘5.8 Special rules for bundled bars and for bundled tendons
5.8.1 Bundled bars

(1) Bars of the same diameter may be bundled. The maximum number
of bars in a bundle is limited to three, except for vertical bars in
compression and laps, where 4 bars may be bundled.

(2) Arrangements of three or more bars in contact in one plane
(horizontal or vertical) should not be used.

1000060000000000000060000000000000svcvsTTYY
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(3) For all design purposes, bundles of bars containing n bars
having the same diameter should be replaced by a single notational bar
having the same centre of gravity and an equivalent diameter of

@, =0 ¥n < 55 mm (5.27)

(4) The cover and the spacings of the bundles should be measured
from the actual outer contour of the bundle.

(5) Bundles bars should only be provided with straight anchorages,
whereby the anchorages of the single bars should be staggered. For
bundles of 2, 3 or 4 bars the staggering should be respectively 1.2- or
1.3- or 1.4- times the anchorage length of the individual bar. The
anchorage length for a complete bundle with &, <32 mm may be
determined on basis of the equivalent diameter.

(6) Laps can only be made with one bar of a bundle at any one
section. The laps should be staggered in accordance with clause (5).

5.8.2 Bundled tendons

(1) Up to two tendon ducts may be bundled transversally to the tendon
curvature, or for straight tendons.

(2) Up to four monostrands may be bundled transversally to the
tendon curvature.

(3) Tendon ducts may touch locally if they cross approximately
perpendicular, or if they touch only over a small length longitudinally.

FIP/ pracides/ london/ Stiestri.wsd Final Draft London
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¢ Ultimate Limit State Design
6.1 General Reqmrements and Deﬁmtmns

(1; It shail be demonstrated that for thc structure as a who!e and for
its members or for certain regions the probabxhty of reachmg an
ultimate limit state (ULS) is small.

(2) It is generally of advantage to discern two typical regions in
structures: the B- and D-regions. In a B-region the Bernoulli-
hypothesis of plane sections remaining ptane applies, and therefore
standard dimensioning procedures may be developed (see sect. 6.4).

In regions with statical or geometrical discontinuities (D-regions) non-
linear strain distributions occur. Such D-regions are e.g. regions with
load applications or member connections like frame corners, regions
with openings or abrupt changes of section, -

(3 The determmatzon of the remstance shall be based on physzcai
models of the internal forces and the external reactions of the
structure. The internal mode! shall represent a coherent system of
internal forces, repectively of struts or compression stress-fields and of
ties and nodes in equxhbrmm with the design !oads and reactions.

(4) When determining the model compatibility shouid at least
approximately considered. It is generally advantageous if the model is
orientated by the stress fields determined from a linear-elastic analysis.
The model may be modified to account for cracking and yielding of
reinforcements.

(5} The assumed nodes and ties must comply with the detailing of the
reinforcements. The reinforcements must extend {o the extreme fibres

of the nodes or of the deviated compression stress-fields. The axes of

the reinforcements have to coincide with the axes of the correspond ing
ties in the model. -

6.2 Actions and action effects
6.2.1 Definitions

(1) In general, permanent actions may be represented by a single
(mean) value.

(2) The characteristic values of variabie actions should be chosen
along the lines of Appendix 1. For live loads nominal values can be
used.

"MC 90,6

MC 980, 6.1
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(3) The prestress is defined in sect. 3.4.1. The partial safety factor
is 1.0.

(4) Unbonded /external tendons should be treated as seperate members

in the analyis. The strain in the prestressing steel is equal to the strain sce FIP Recomm.
corresponding to the forces defined in sect. 3.4.1, increased by the "Flat Slabs"
mean concrete strain between two successive points of anchorage or

fixation due to load effects. This increase can be determined with a

non-linear analysis of the entire structure, whereby, normally the

tendons do not attain their yield strengths at ULS. For simplicity, a

verification based on a linear-elastic analysis can be performed

neglecting any increase in strain in the tendon.

6.2.2 Combination of actions MC90. 1.6

(1) The applied loads or the atting internal forces should be
determined with the partial safety coefficient shown in table 6.1.

Table 6.1 Partial safety coefficients for ULS

Actions unfavourable effect favourable effect
Permanent Y% = 1.35 Tg = 1.00
Variable Yq = 1.50 -

(2) Thus, the following combinations of actions should be considered
a) in the case of an unfavourable effect of G:

135G + 1.50Q; + 1.5Zvy,Q, (6.1)
b) in the case of a favourable effect of G

1.00G + 1.50Q; + 1.5 Zy,Q; (6.2)

where Q) is the basic variable action and W, Q, is the combination
value of the other variable actions, see table 6.2.

Table 6.2 Combination values for ULS actions

dwellings  Offices or Parking Highway Wind or
retail stores  areas bridges snow
Yo 0.3 0.6 0.6 0.3 0.5

fip/ practdes/ london/ 6uls.wsd Final Draft London Sentember 1996
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(3) Indirect actions (imposed or restrained deformations) need only to
be considered if they are exceptionally large, to the exient of impairing
the capacity for redistribution of internal forces ie ifa sxgmﬁcant
part of the plastic range in the M-k- dlagram has already been used for
the redistribution of the indirect action effects (Flg 6.1). In this case
these effects are to be taken w:th the:r fui! value on the acnon sxde

(without ). _

R | My
?Cu -!
} o A T
reserve for
from indirect actions | direct action
guasi—~ §
elastic | plastic range
X - - i

Fig. 6.1 Moment-curvature diagram

6.2.3 Resistant action effects

"The resistant internal forces should be determined on basis of the
resistances given in section 5.

6.3 Structural analysis
6.3.1 General requirements

(1) The ULS check should be carried out according to the theory of
plasticity (PT) or an appropriate non-linear method. '

(2) Variable actions should b.e considered for the worst loading case.

(3) As effective widths bf flanges the values defined in sect. 7.3.2
may be used, unless proof is given for other values.
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6.3.2 Static method of the theory of plasticity (PT)

(1) The use of the static method of PT is recommended whenever
possible, since it yields a lower bound for the ultimate load of the
structure. To this end, a plausible distribution of the internal forces is
chosen, and the cross-sections or elements of the structure are
dimensioned accordingly. The assumed distribution of internal forces
has to satisfy the conditions of equilibrium, and should in general not
differ too much from the elastic one. Otherwise, it is necessary to
verify that the ductility of the structure is sufficient to allow the
assumed plastic redistribution of internal forces.

(2) Linear-elastic analyses with or without redistribution are possible
applications of the static method of PT.

(3) In principle, the hyperstatical effects of prestressing have no
influence on the bearing capacity of the structure; however, they often
give a good indication of the suitability of the assumed distribution of
internal forces.

6.3.3 Kinematic method of the theory of plasticity

The kinematic method of the theory of plasticity may be used for
determining the resistance of a structure, like e.g the yield line theory
for slabs. The designer has to make sure by experience or trial and
error, that the selected mechanism does not give an overestimated
upper bound for the ultimate load.

6.3.4 Plastic rotation capacity and check of ductility

(1) In general, the required plastic rotation capacity has to be
estimated considering the non-linear behaviour of the structure (e.g.
cracking and yielding).

(2) The plastic rotation capacity of a reinforced concrete flexural
member may be estimated from the equation (3.7.2) in MC 90.

(3) Sufficient ductility may be presumed to exist in flexural members
with a depth of the compression zone of x <0.3 d.

fip/ practdes/ london/ 6uls.wsd Final Draft London September 1996
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(4) The rotation capacity can be increased by
a) increasing Egy, €.8. by closely spaced stirrups confsnmg the
compression chord (see sect. 5.2.4). SO :

b) decreasmg x/d (e g by compressmn remforcement)

(5) In cases of high reinforcing ratios or high normal forces (due to
actions), more detailed checks have to be carried out. Special attention
should be given to cases where high strength concrete or steel with a
small unit elongation is used. B

6.4 Design of B-regions
&n & MC 90, 6.3.1

6.4.1 Basic assumptions

(1) The design model for B-regions of linear members with
rectangular cross-section subjected to bending moments combined with
an axial force and a shear force is a truss with longntudmal chords and
a web (Fig. 6.2). The web consists of inclined concrete struts
representing a um_ax:ai compression stress-field, and ties representing
normally the distributed transverse reinforcement (Fig. 6.3). For
members with low amounts of transverse reinforcement and members
without transverse reinforcement the ties may also represent a tension
stress-field in the concrete (Flg 6. 4) : '

(2) The geometry of the truss model is determined by the inner lever
arm z between the chords and the angle © of the inclined struts or
compression stress-field in the web, Thereby the angle 8 is measured
against the tension chord.

The inner lever arm follows from the flexural design of section 6.4.2
for the sections with maximum momenis, It may be assumed constant
throughout the region, in which the bending moments retains the same
sign.

The angle € of the inclined struts follow from the shear design of
section 6.4.3, and it varies with the magnitude of the axial force or
prestress. It may be assumed constant throughout the region, in which
the shear force retains the same sign. o
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6 Ultimate Limit State Design

3) A linear member with addititonal torsion and more complex
sections, like box-beams or T-beams, can be subdivided into several
walls representing webs and flanges. These walls can then be designed
for their individual action effects using the model described before.
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d) continuous girder with point loads
Fig.: 6.2 Truss models for structural concrete members
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Fig. 6.3 Compression stress-fields for the inclined struts
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Fig. 6.4 Model with concrete ties respectively with an inclined
biaxial tension - compression field in the web for
members with low and without transverse reinforcement
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6.4.2 Flexural design and inper lever arm of the truss MC 90, 6.3.2

(1) The design moment and axial force are resisted by the chords ina
distance z, and the forces in the chords should be derived on the basis

of the following assumptions :

a) the distribution of the longitudinal strains is linear over the depth

of the section.
b) the section is situated at a crack and the tensile stresses in the

concrete are neglected.
¢} bonded reinforcement is subjected to the same variations in strain

as the adjacent concrete.

d) the total strain of bonded prestressing reinforcements considers the
prestrain ggo corresponding to the prestressing force after
creep and shrinkage.

(2) The strain diagram (Fig. 6.5) shall pass either through point A,
defined by the maximum compressive swain £y , OF through point B in
case of uncracked members. - R X -

In cases where the steel Str_aixj may have to be limited, e.g. for low-
ductility steel, the strain diagram is also restricted through point C,
which is defined by a stee! strain of &, = 0.010: other values may
apply if the ductility of the steel is known.
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en-0—-0 | /éy ) / ‘i 7 I ] F’.‘-q_.--
Eaaanl \As £s £ C[0.010] 0 —0.002
2} seciion by strzin disiibution . ' o) stresses O forces nd
action effec!s
g, = compressive strain
£, = Maximum compressive strain acc. to equ. (2.2) for parabola-rectangle-
diagram or equ.(3.8) for arectangle distribution
g, = strain in reinforcing steel

Ag, = increase of strain in bonded prestressing reinforcement due o action effects
g49 = prestrain corresponding o the prestressing force after creep and shrinkage

Fig. 6.5 Strain distribution over the depth of the member
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(3) The design diagrams for steel are defined in the Figures 2.8 and
Fig. 2.9. The design diagrams for the concrete are defined in Fig. 2.2
or Fig. 2.3, respectively in case of a rectangle distribution in Fig. 5.2.

(4) For any combination of action effects the resistances of the chords
shall not exceed the values given in sections 5.2 and 5.3.

(5) An increase in strength of the compression chord due to
confinement may be taken into account according to sect. 5.3.4. The
area of the compression zone is only that of the confined concrete.

6.4.3 Shear design and angle 0 of the inclined struts MC 90, 6.

6.4.3.1 General requirements

(1) The truss models shown in Fig. 6.2 and Fig. 6.3 are only valid as
long as the transverse reinforcement is so closely spaced, that the
inclined compression stress-fields can develop. Therefore, the spacing
of stirrups in the longitudinal direction shall not exceed the lesser of
sw =2/5 or 200 mm.

(2) If larger spacings are used than the above given, then the
compression field is not uniformly supp- rted by the stirrups. In this
case, the strength of the inclined strut (see equ.(5.6)) is limited to the
following values for v;:

- v2 = 0.60 for 0.20 < sy/z
- Vo = 0.45 for 040 < sy/z

0.40

<
< 0.60

(3) In any case shall the maximum spacing of the transverse
reinforcement not exceed the lesser of the following values:

- in the longitudinal direction: Symax = 0.6z or 400 mm.
- in the transverse direction:  Symx = 0.6z or 400 mm.

(4) The angle o of any transverse reinforcement (see Fig. 6.2 b)
shall not be smaller than 45°.

(5) The stirrups shall be adequately anchored to the chords, see
section 5.6.4 (5).

(6) Bent-up bars are not recommended.
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& Ultimate Limit State Design page 6~ 9

6.4.3.2 Design of the transverse reinforcement

(1) The design of the stirrups in the web starts from the fundamental
free-body diagram in Fig. 6.6. The basic equation for any shear design
follows directly from the veruca! equilxbrium

Ve 2 Va4 | o (6.3)
The resistance follows from equilibrium at the inclined crack:

Vee = Voo + Vi +Vp (6.4 a)
with: Vgrq = acting design shear force in a distance ( z cot 6)

from the face of the support {see sect. 6.5.2.1)
Vew = shear force carried by the stirrups over the cracks

Vi = vertical component of friction forces at crack (Fig. 6.6 b)
Vp = vertical component of force in préstressing tendon.

The equation simplifies for a structural concrete member without
inciined prestressing tendons to: :

Vre = Veo + V¢ ' {6.4b)

(2) The vertical component of the force in prestressing tendon may be
assumed as

Vp = Py sinap (6.5}
with: Py = opy A, = mean value of prestressing force (sect. 3.4.1)

o, = angle of tendon at considered section

a) free-body diagram - b) friction forces at crack

Fig. 6.6 Free-body diagram for the end-support of am beam with
all forces at the failure surface in the B-region
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(3) The shear force component V. carried by all the stirrups across
the crack is:

Vew = (Asw/sw) fyw 2 cot P (6.6)
with: A= area of transverse reinforcement
s, = stirrup spacing in the longitudinal direction

fyw = yield strength of transverse reinforcement

z = inner lever arm
B, = the crack angle

(4) The crack angle and the shear force component Vg due to friction
depend on the axial force as well as on the strains and crack widths in
the web. As an approximation the following values may be assumed:

- in case of axial compression:
cot Per = 1.20 - 0.2 Oxa/ fem (6.10 a)
Vi = 0.10(1 -cotPer /4) (bwzfewa) 20 (6.11 a)
- in case of axial tension:
cot Per = 1.20 - 0.9 Oxa/ fam (6.10 b)
Vi = 0.10 (1 - 0.36/ cot Ber) (bw z fewa) 2 0 (6.11 b)

with: Oxa = Nsa/ Ac = axial stress [( -) in compression]

(5) For a reinforced concrete member without an acial force both equ.
(6.10) and (6.11) lead to

Vi = 0.070 (bw z fewa) (6.12 a)
and the resistant shear force is:

Vpg = (Asw / Sw) fyw Z 1.20 + 0.070 (bw Z fewa) (6.12 b)

6.4.3.3 Determination of the angle 6 of the inclined struts

The angle 8 of the inclined struts is required for evaluating the force
in the tension chord and it may be determined from equ.(6.4) and
equ. (6.12) as follows:.

cot & = VRd / Vsw (6.13)
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6.4.3.4 Upper limit of resistant shear {orce

(1) The capacity of the web to transfer any shear force is limited by
the compressive stresses in the strut between the cracks attaining the
limiting stress fewa = Vo fiea. The inclined compressive stresses are -

given by:

Cew = VYgg /byz sin@ cos b - - (6.14 a)

{2) The vpper limit of the resistant shear force follows from that:

For 8 = 45° and V; n,; =0.80 the highest value is reached with

ng_max = (.5 bw Z fcwd = .4 bw Z f}cd (6.16)

6.4.4 Forces in the chords of the B-region

(1} The chord forces may be derived from the truss model and are as
foliows:

- tension chord:

' —z) ¥
Fs = M{“' + N&,u + m-zfﬂ (cot§ — cote) 6.17)
- compression chord:
M v, - :
F = ol n,E B o1 - cota) (6.18)

(2) At sections of maxitnum moments the shear force is zero and
highest values are attained for the forces, which then are compared
with the resisting forces.
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6.4.5 Design of flanges of chords

(1) The flanges of sections act as chords for members over their
effective width. The force transfer from the web into the flange may
be determined by means of a truss model.

(2) In the analysis and design the same effective width begr may be
assumed as stated in sect. 7.3.2. It may be kept constant over the
length of the member. Larger values may be assumed if the
reinforcement is correspondingly designed and detailed.

(3) The flange and the web are connected by the shear force vq per
unit length

vp = AF / Ax (6.19)

with: AFg= change of chord force in flange over Ax
Ax = length under consideration

In the B-region the following value applies:

v = VSde (620)

(4) The transverse reinforcement per unit length in the flange follows
from the truss model (Fig. 6.7):

Ngr = Agf fyd = v /cotByg (6.21)

(5) The angle 6g respéctively the transverse reinforcement may be
determined for the above shear force from the rules in sect. 6.4.3.2.

Alternatively and for simplicity also the following values may be
assumed for the angle ©; of the struts in the flanges:

- cotOy = 2.00 for compression flanges,

1.25 for tension flanges.

- cotBg

The reinforcement may be distributed over the length ag (Fig. 6.7).

(6) The compressive stress in the inclined struts is given by:

O = vn / hg sin 6g cos 6 (6.22)
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Fig. 6.7 Truss model and stress ﬁél{is for thé fransverse

reinforcement of a compression flange

6.4.6 B-regions of members with torsion

(1) This section applies to B-regions of members where torsional
resistance is required for equilibrium combined with bending and
shear. Torsion due to compatibility may usually be neglected in the
design, but appropriate minimum reinforcements should be provided.
Warping torsion, which may be predominant for members wnh open
cross-sections, is not treated here. -

(2) In torsion the equilibrium is maintained by a closed flow of
tangential forces (circulatory torsion), which combine with the
tangential forces due to the shear force in the web. For calculatmg the
resistance an equivalent hollow section with thin walls {real or
notational for members with solid cross-sections) is considered (see
Fig. 6.8). ' ' o
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6 Ultimate Limit State Design page 6-14

(3) The shear flow due to the torsional moment Tsg alone is:

Ti teri = Tsa /(2 Agp) (6.23)

and the tangential force Vgq; in a wall is (Fig. 6.9):

Vsai = Ti lefi % (6.24)

with: Aer = the area enclosed by the centre lines of the walls
z; = the distance between the intersections of adjacent walls

the effective thickness of the wall i

I

Lef,i

The centre lines of the wall are defined by the axes of the longitudinal
bars in the corners, and the effective thickness ter (=ter,i) of a wall
then is twice the distance from the centre line to the external face of
the wall. In case of hollow sections the effective thickness shall not
exceed the actual wall thickness.

toj teri/2 i

transverse
reinforcement

longitudinal
/ reinforcement
Aet
Fig. 6.8 Notations for circulatory torsion

e e
i ek

a) equivalent hollow section b) truss model in a wall
Fig. 6.9 Definition of hollow section and model for torsion

fip/ pracides/ london/ 645.wsd Final Draft London September 1996




ook ik

EIP Recommendations {996 “Practical Design of Structural Concrete”

& Ulimaie Limit Swate Design page G- 15

(4) The transverse reinforcement in the wall should be designed for
the combined shear flow due to torsion and shear, i.e. for the shear
force :

Vs = Vst + VSqi,v | 6.2
The design may be carried out for this shear force according to the

rules in sect. 6.4.3.2, whereby the normal force of each wall may be
considered.

(5) The longitudinal reinforcement should be designed for the
following distributed force over the perimeter u.r of the area Aef :

ZAgf T T _
ng = s = 3 cot8 _ (6.26)

Uef 2 -’%cf

In chords these forces may be reduced by corresponding compressive
forces. This reinforcement should be distributed over the perimeter, but
at least one bar should be placed in each corner of the stirrups.

(6) The upper limit of the resistance is determined by the inclined
compression in the shear walls and may be regarded as given, if the
following condition is satisfied:

T \Y
ot L B | 6.27)
Tre Vg

with: Vgq = upper limit of shear force acc. to equ. (6.135).

The upper limit of torsional moment is determined for the same angle
6 as used for Vpq and is:

Tra = 0.50 fowq Aer L Sin € cos O (6.28)
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6.4.7 Shear in joints

(1) The capacity for the transfer of shear forces across an interface or
a joint, such as a construction joint or a joint between in-situ concrete
and a precast member, depends on the capacity of the concrete-to-

concrete friction limiting the transfer of the inclined compressive
forces across the interface (see sect. 5.5). Based on that, the resistance

to shear forces across a joint is given by:
tra = P fad + B Gea +(psina + cosay) p fyg (6.29)

with: tRrg = design value for shear transfer by concrete friction

B = coefficient acc. to Table 5.1

p = coefficient acc. to Table 5.1

f.q = design value of concrete tensile strength acc.sect. 2.1.4
p =A/A; = reinforcing ratio

A, = area of reinforcement crossing joint

A; = area of joint

fyg = yield strength of reinforcement

o4 = normal stress on interface due to loading only
( + in compression)

o; = angle of reinforcement, see Fig. 6.10

(2) The maximum shear stress to be transferred follows from the
upper limit for the inclined struts acc. to sect. 6.4.3.4. Such a check
is not required if

Tra < 0.25 fiq (6.30)

Fo
Fig. 6.10 Transfer of shear forces across interfaces or joints
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6.5 Design of _Discbn_tinuit_y Regions (D-regioxéls) MC 90, 6.8
6.5.1 Requirements and general criteria for modelling

(1) The determination of resistance for discontinuity regions (D-
regions) shall be based on physical models according to the
requirements given in section 6.1. The model for a D-region must
comply with that of the adjacent B-region(s), if any.

(2) Tt is to be verified, that under the action of the design loads the
stresses in the struts and ties do not exceed the strength criteria given
in sections 5.1 to 5.4, and that the nodes and anchorages comply with

sections 5.5 to 5.7.

6.5.2 Statical discontinuities: beam supports and corbels
6.5.2.1 Direct supports of beams MC 90, 6.8.2.2.1

(1} At “direct supports” the support force is applied by compressive
stresses at the boitom face of the member. The support force A = Vu
is transferred into the member by an inclined strut representing a fan-
shaped compression field (Fig. 6.5.1). The geometry of the fan is
defined by the flattest angle 8, which is the angle 8 of the
compression field in the B-region intersecting the axis of the tension
chord. '

(2) At an end support the following force Fgy in the tension chord has
to be anchored in the node over the support plate:

Feo = Vacotby + N(1-24/2) (6.5.1)
whereby N (+) for tension.

The angle 0, for the resultant of the fan-shaped compression field
follows from the geometry of the fan:

cotBs =105 a;/z +(dy/z +0.5)cot8] (6.5.2)

This normally results in a value of cot8, =1.20 or 04 =40°.
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page 6.5- 2

(3) The distributed loads q over the fan are directly carried to the
support, so that the transverse reinforcement near the support may be

designed for the following force:

Now,d =Asw fwwd / Sw =Va- q[0.52a; +(d; +2) cot®] . (6.5.3)

(4) At intermediate supports the design model in the web is like a
combination of two end-supports for the relevant shear forces (see

Fig. 6.5.2).
a,/2 %cote %cote
1 * +
ot dy cot@ i —
e e i i < N
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h / e
- T / ‘ zZ d
N /L .
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Fig. 6.5.1  Strut-and-tie model for a "direct” end-support
- node
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6.5.2.2 Indirect supports

(1) At "indirect supports” of intersecting members the support is
provided by tensile stresses over the depth of the member. The total
support force has to be transferred to the top of the member by means
of "hanging-up" reinforcement within the width of the web (Fig.
6.5.3).

(2) The load transfer into the webs of the intersecting members and
the web design may be assumed like for a direct support

(3) Careful consideration should be paid to the anchorage of the main
reinforcement, because there is no benefit of transverse compression
for the anchorage length acc. to sect. 2.4.1 (5). The begin of the
anchorage length is defined by the first stirrup at the inner face of the
supporting beam, which defines the deviation of the compression field.

_beam { |

b) strut-and-tie model in supporting beam

Fig. 6.5.3  Strut-and-tie model for an “indirect™ end-support
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6.5.2.3 Point load near an support and corbels

(1) A loads near a support of a beam (Fig. 6.5.4) or a load on the MC 90, Fig. 6.8.4

cantilevering part of a corbel (Fig. 6.5.5) may directly be transferred
to the support by means of an inclined strut. The transverse
reinforcement may be designed for the following part of the load:

Fi/F = (2al/z-1)/3 16.5.4)
for: z/2 <a<?2z

The transverse reinforcement shall be distributed over the length a,,
shown in Fig. 6.5.4. As an estimate the value a, = (0.85a- z /4)
may be taken.

(2) Unless more refined considerations are made, the strength of the
inclined strut ooy < vy fieg = 0.60 fiq is given, if the width of
the loading plate fulfils the condition

X Vi
ap > [ - cos 6; | (6.5.5)
sin 8, 0.60 cos 6,

with the angle 8; determined from cot 6, = a/ z.

(3) Members with point loads near (a < z/2) or over an support
require horizontal reinforcement (Fig. 6.5.6) . Unless refined
considerations are made it should be designed for

T3 = 020 F (6.5.6)
1e/2

8 t

T(xcoth; + 1)

I = F1+F;

T

Ea G
L] },/;3;}..‘ _ﬁ____w.__ﬁz
¢
oy =
4 '/’//;/’//’////I/
/ ’ /,,”J//// r // z
// A7
e %% 7
VO o 4
5 '
[ I_[dy
i

Fof 46, (TR |
v=F} T

(é',‘ + d,-cot8,)

Fig. 6.5.4  Strut-and-tie model for a point load near an end-support
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Fig. 6.5.5 Strut-and-tie model for a corbel {(with a < z/72)

| ] {
i 1
gy i f }'“*\ 1 i
N i i / 3
- i ! ¢ ]
Y ¢ { 1 k
i i i | §
i ¥ t H £
! ¥ i H H
A ! § b
1
I/ e i i \\ i i
; S t i / 1
’ ) g E"‘"f }
u%» 1 ! Wf‘-“ :
ajcasea <z bicasea =10 €} point toad on a sirip

Fig. 6.5.6  Models for the horizontal reinforcements for loads
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6.5.3 Deep beams

(1) Deep beams may be designed with the strut-and-tie models.
Special attention shall be paid to the anchorage in the nodes at the
supports. Minimum reinforcements of 0.1 % in each direction should
be placed on each face.

(2) The strut-and-tie model and the distribution of the reinforcement
for a deep beam on two supports is shown in Fig. 6.5.7. The inner
lever arm may be assumed at about z = 0.6 1 , so that the force in
the tension chord is about F; = 0.2ql =0.4 A .

(3) The support zones of continuous deep beams may be designed
with the model shown in Fig. 6.5.8. Unless more refined
considerations are made, the reinforcement over the support should be
designed for the force F; = 0.2 q1 and should be distributed over
0.6 1. The force in the tension chords should be assumed F; =0.16 q 1
in an end-span (Fig. 6.5.8 a) and F; = 0.09ql in intermediate
spans (Fig. 6.5.8 b) .

R

Mc 90, 9.2.5

Y T
I E.|
e
/ \ h
/ \ z
Node 1 S
\;\9\ . 3 0.121 |== =
SR i
4 I +
a) model , b) reinforcement

J/F

c2
/
A / /
K
0.121 ~§ —_—
N FS
ko
Oci

o

cil

R

o]

c) node

Fig. 6.5.7 Strut-and-tie model and distribution of reinforcement for

a deep beam on two supports
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6.5.4 Deviation of forces

(1) Changes of the direction of forces may result in transverse tensile
stresses or "bursting forces” (Fig. 6.5.9), which should be resisted by
suitably anchored reinforcement.

a) compression force a) haunched girder
(see sect. 6.5.6)

c) compressive or tensile forces in silos

Fig. 6.5.9  Examples for transverse tension due to deviation
of forces

6.5.5 Frame corners and beam-column-connections
6.5.5.1 Frame corner with negative (closing) moment

(1) The basic strut-and-tie model for frame corners with negative
(closing) moments is shown in Fig. 6.5.10. The critical sections 1 - 1
and 2 -2 for determining the maximum chord forces lie within the
beam-column connection in a distance x; /2 respectively x; /2 from
the beam-column interfaces. Compression reinforcement in the chords
should not be provided, because it cannot be anchored in the node N1;
however, the bi- or triaxial strength may be utilized for the node N1.

(2) The strength of the strut C3 in Fig. 6.5.10 is normally
determined by the dimensions of the node N2 at the bend of the main
bars (see sect. 5.5.3.1 and Fig. 5.8). It should not exceed the capacity
of the bottle-shaped strut of sect. 5.3 (3), unless the connection is
reinforced in both directions.

fip/ practdes/ london/ 65dregio.wsd Final Draft London

September 1996
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(3) The basic strut-and-tie mode} of Fig. 6. 5.10 is only valid for _
members of about equal inner Iever arms z; and z. For vaiues

zZy <Ip horizontal :emforcement is requzred in the connccuon

(Fig. 6.5.11). This horizontal remforcement may clt.her be determined
from the model given in sect. 6.5.2.3 (Fig. 6.5.11 a) or from the
force ZTy = Ty - T; according to the model in Fig. 6.5.11 b.

(4) Any splicing of the chord reinforcements requires additional
transverse reinforcements. The side cover of the main bars should be
secured by stirrups, and longitudinal bars should be prov:ded
perpendicular to the plane of the bend.

!
s 7 )l
~ |
>< ! //’ 45/
“Cs -~ A7 Zy
Y 4 -~
N // /C1 // i
S S A s e i R
7112 T‘T\ : X112
t
g node (N
;
i
JREE R S S JEES S

Fig. 6.5.10  Basic strut-and-tie model for frame comers with
negative moments
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a) model for case z; > z; b) model for case z; > > zy
Fig. 6.5.11  Strut-and-tie model for frame corners with negative
moments and differing depths of the members
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6.5.5.2 Frame corners with positive ("opening") moments

(1) In frame corners with positive ("opening") moments the corner
may spall off (see Fig. 6.5.9) and must be secured by appropriate
reinforcement. A basic strut-and-tie model (a) and a more refined one
(b) are shown in Fig. 6.5.12 along with possible reinforcement lay-
outs.

(2) The nodes with the anchorages of the main ties of the tension
chords shall be thoroughly investigated. The capacity of the frame cor-
ner may be considerably be reduced with increasing reinforcement ra-
tios due to the anchorages.

(3) Inclined bars in the corner improve the capacity and the servicea-
bility of an opening frame corner with larger reinforcing ratios, and
Fig. 6.5.13 gives two possible solutions.

e e

b) model and reinforcement for moderate moments

Fig. 6.5.12 Models for frame corners with low and moderate moments

fip/ practdes/ london/ 65dregio.wsd Final Draft London September 1996
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4 = wpmnees
¥
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- |
vd |
L ;
| g T

corner siirrups
for7,2

gy, diameter of bend !
fporhy < 10m 'd
transverse reinforcement not shown c TV
a) looped reinforcement and .. b) cogged bars in combination
inclined bars S with inclined bars

Fig. 6.5.13  Possible reinforcements for frame corners with large
opening moments

6.5.5.3 Beam-column connection for an external column

(1) Simple models for a beam-column connection of members with
equal depths are shown in Fig. 6.5.14. The forces for dimensioning
the connection have to be determined in the sections through the node
N1, as explained in 6.5.6.1 (1).

(2) The capacity of the connection depends highly on the requirements
for the diameter of bent and the anchorage at the node N2. In case of
insufficient anchorage lengths at node N2 additional ties for the force
of about AT =Ty - T3 = 0.3 Ty are required over and below the
reinforcement for Ty, as shown in Fig. 6.5.15.

(3) For connections of members with differing depths hy > Iy

(Fig. 6.5.15) additional horizontal reinforcement is required in the
connection (see also Fig. 6.5.11), which may be designed for the

force T,
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a) column - corbel connection b) connection of beam and
external column
Fig. 6.5.14 Basic strut-and-tie models for beam-column connections

Cz= Tz l N
_C*_‘ll__fa A
| I ’V 2 lp,net %for AT Z lp,net
| 7y iéy -
“T3\ W__ ~45‘ | //:,vv /r— :
% /} for AT - / |
45°+] \ \-Tg 2 A/V : hy : J
~ | |
W= -
1 G |
Il
1 AT=T3-Ty
o JI—— T
Tg* ﬂC-!—V
T3=|C4l 1 N4V
a) model b) reinforcement
Fig. 6.5.15 Refined model for a beam-column connection of
members with differing depths
fip/ practdes/ london/ 65dregio.wsd Final Draft London September 1996
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6.5.6 Halfl joints and step.s in members _

(1) Half joints or stepped-beam ends should be designed on basis of a
combination of the two strut-and-tie models in Fig. 6.5.16 a and b.
Due consideration should be paid to poss:bie horizontal forces due to
friction of the support. o '

(2) The model in Fig. 6.5.16 a requires transverse reinforcement 'f_or
the force (T;+T,) =2 F; distributed as shown. The horizontal |
reinforcement for the tie T4 must be extended beyond the node N4 by
at least half of its anchorage length. Additional horizontai loops or
hairpins should be provided in the bottom half of the step, if hy > hl
orif h; >300 mm.

Thv‘ ) -T— %3=zcct8——=r

FO6 N 00 O
~ Fifls

~F, P/l

b) model (2) with inclined tie at the support

Fig. 6.5.16  Strut-and-tie models for half joints
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6.5.7 Point loads in direction of member axis and anchorage zones
of prestressing reinforcements

6.5.7.1 D-region at end-support of rectangular members

(1) The basic model in Fig. 6.5.17 a applies to the D-region of a
point load on a wall or a prestressing anchor in a member with rectan-
gular cross-section. The location of the tie T was orientated by the
stress distribution of a linear-elastic calculation. The force T may be
assumed at about T; = 0.25(1-a/b)F.

(2) The refined model in Fig. 6.5.17 a assesses the tensile forces
("spalling forces") in the concrete due the compatibility of the inclined
struts with the unstressed corners. The forces Tgp,; and Tgp2 may be
assumed at 0.02 F and are normally covered by minimum reinforce-
ments.

(3) The basic models for excentrically applied loads follow from equi-
librating the applied load with the linear-elastic stress distribution at
the border to the B-region at the opposite end of the D-region (model-
ling with load-path method).

(4) Similarly, the forces may be derived for an end-support with an
anchorage of a tendon (Fig. 6.5.19). For simplicity the forces for the
case given above may be taken.

(5) The check of the node N1 shall comply with sect. 5.5.2.

a
1+
,l Para-t=F
@:F | - T C=Fp
1\ |z=05b e FQ -
— | ! |=——|oe N & = i

1 N —_
EEIEIIXILL) 3 - L
.-.!’ b ’IL "L b J’ .
a) basic model and reinforcement b) model for spalling forces

Fig. 6.5.17 Basic model for a concentrated load in the member axis
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basic model

page 6.5- 15

F bh 94
. +Co=F: T, =5 (1~ By Ty = Ty = St e for g, > 0
forces Ci+GCo 1=z =5 d,) e =T = 55 T '
reinforcement
i
for |
0,02F i
1
!
i
Fig. 6.5.18  Excentric point load in direction of the member axis
unstressed .~
corner - c
// C uwz""
C - e E
e o s e . Gy 2 g
[ | Bt et p—>
P ; LI { 2
? GX sz ? N2
V \Y

a) simple model with resultant C b} refined model for assessing Ty

Fig. 6.5.19  Anchorage of a tendon at an end-support
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(6) In case of the anchorage of a pretensioned prestressed reinforce-
ment (Fig. 6.5.19) the length of the D-region may be assumed at

(Ip,pe + h), whereby Iy o, is the transmission length acc. to sect. 242,
The modelling of the strut-and-tie model follows the rules given before
(see. Fig. 6.5.18).

(7) The transverse force T; may be assumed to be taken by the con-
crete if the following conditions are fulfilled:

c/@ >25 and c./ @ > 2.25 (6.5.6)
with: ¢ = concrete cover
Cef = [2c +1.5(n-1)s,]/ 2n = effective cover
n = number of tendons
Sn = clear distance between tendons
basic model reinforcement

F— (opt + )

J?- Ts

|

|

hlz ————— + Cg'—‘Ta :

h el' Cs |
— B |
e T 1 |

e
i

" lppt

Fig. 6.5.20 End-anchorage of a pretensioned member

6.5.7.2 End support of a beam with flanges

(1) The dispersion of a concentrated load into a member with flanges
(Fig. 6.5.21) requires transverse reinforcement in the flange additio-
nally to the transverse web reinforcement.

(2) The dispersion of the prestress in a T-beam or a box-beam (Fig.
6.5.22) follows the same principles. The transverse tie T, in the web
of the D-region covers the forces due to the combined action of the
prestress and the support force respectively the shear force.

fip/ practdes/ london/ 65dregio.wsd Final Draft London September 1996
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Fig. 6.5.21 Dispersion of the 'prestress into 2 T-beam
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Fig. 6.522  Strut-and-tie model for an end-support for a T-beam
with prestressing anchors
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6.5.8.3 Interior anchor zones and construction joints with
prestressing anchors

(1) Ifaload F is applied at an interior anchor (stressing pocket) of a
structural concrete member, about 25 % I it should be tied back by
reinforcement besides the anchor, as shown by the strut-and-tie model
in Fig. 6.5.23. This tensile force may be reduced by a force of

(5 A; o) in case of compressive stresses o, behind the anchorage
(with A = loaded area of anchor). The transverse reinforcement may
be designed for the forces given in Fig. 6.5.21, and due consideration
should be paid to proper anchorage lenghts.

(2) The same principles apply to internal blisters and Fig. 6.5.22
shows the corresponding strut-and-tie model.

D-region

A
b 3

63, 0-———— ===
’,K

-~

F/8

- ——
3 F/8

3 F/8
-——

OO

F/8
- ——

1
NN

Fig. 6.5.23  Strut-and-tie model for an interior anchorage of a tendon

(2) In case of an internal blister the pretressing force causes transverse
forces due to the dispersion of the pretress as well as due to local ben-
ding, as shown by the strut-and-tie model in Fig. 6.5.24 a and b.

For the further dispersion of the pretress into the slab a simplified mo-
del is shown in Fig. 6.5.24 c; additionally longitudinal reinforcement
should be provided for tying back some part of the prestressing force
as shown in Fig. 6.5.23 for the interior anchorage.
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Detail A

o 50P

| - 050P\ . loap /

a) transfer of prestress into slab

e Detail A . | I

page 6.5 - 19

b) model for transverse reinforcement at detail A
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¢) simpie model for ioad dispersion in siab

Fig. 6.5.24  Strut-and-tic model and reinforcement for a blister

(3) A construction joint with a coupling anchor represents a D-region,
where the forces concentrate at the anchor, so that tension may occur
in the section and at the edges (Fig. 6.5.25). Therefore, an appropriate
amount of minimum longitudinal reinforcement should be provided,
which crosses the joint. The problem is greatly reduced if only a part
of the tendons is coupled and if the coupling anchors are distributed
over the depth of the web. |
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Fig. 6.5.25  Stress distributions and strut-and-tie model for the
D-region at a construction joint with a coupling anchor

6.5.7.4 Deviator for external tendons

The deviation of externally applied tendons causes high concentrated
forces, which have to be transferred to the webs of the beam. The Fig.
6.5.26 shows the strut-and-tie model for a deviator, and it demonstra-

tes that special attention has to be paid to the transverse ties in the de-
viator.
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Fig. 6.5.26  Strut-and-tie model for the deviator of external tendons
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6.6 Des&gn of sEender campressed members
6.6.1 General ”

(1) This section deals with the design of slender compressed members,
e.g. columns, for which deformations may have a significant effect on
bending moments. This so called “second order effect* should be
calculated taking into account the non-linearity due {0 crackmg,
inelastic material properties and creep. '

(2) Second order effects can be disregarded if the slenderness of the
structure 1s sufficiently low, see sect. 6.6.2. The effect of creep on
second order deformations can be disregarded in some cases (see sect.
6.6.3).

(3) The effect of geometrical imperfections should be considered (see
sect. 6.6.4).

(4) Simplified analyses of structures can be made by conventional
methods based on second order elastic theory, if member stiffnesses
are reduced to reflect the influence of cracking, material non-linearity
and creep (see sect, 6.6.5).

(5) For isolated members various simplified methods can be used. One
method is described in section 6.6.6.

(6) An accurate non-linear calculation can be made by 'assuming a
linear strain distribution with proper stress-strain curves for the
concrete (e.2. acc. to 2.1.3.1 (2)) and the reinforcement, by satisfying
the conditions of equilibrium and deformation compatibility in selected
cross sections and by integrating the curvature 1o obtain the deflection.
Creep can be included in the stress-strain curve of concrete. Tension
stiffening can be considered, but its effect is usually small.

A simplification of this method is to consider only one cross section in
a column and to assume a certain distribution of the curvature along
the column.
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6.6.2 Slenderness

(1) Second order effects can be neglected under certain circumstances,
depending on slenderness, eccentricities and axial load. One simple

citerion is that the slenderness ratio fulfils the criterion A <25.

=1, /i (6.6.1)

I, = buckling length (effective length) defined below
i = JI/A = radius of gyration

I = moment of inertia, normally for uncracked section

A = area of cross-section, normally for uncracked section

(2) The buckling length is defined as the length of a pin-ended column
with constant axial load, having the same cross-section and buckling
load as the actual column. For isolated columns with constant axial
force and cross section, the buckling length can be determined directly
for certain boundary conditions, and some basic cases are given in

Fig 6.6.1.

a) b) c) d) e) f) g)
A 4 v \l’ v v v \L

b=l 1o=21 L=071 lL=12 L=1 L>21 2<l<]
Fig. 6.6.1  Examples for the buckling length for isolated columns

(3) If the buckling load (instability load) of a structure is known, the
following general definition of the buckling length can be used for
individual columns:
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6.6.3 Effects of creep

(1} The effects of creep can be taken into account by means of an
“effective creep ratio™:

Per = @ Mosg / MGSd (6.6.3)
where: ¢ = basic creep ratio according to sect. 2.1.5

Mosg = first order moment under (unfactored) quasi-
permanent load (see sect. 7.2.2)

MGSd = first order moment under design load

The first order moments Mosg and M°5¢ should include the effects of
imperfections under quasi-permanent and design loads respectively (see
sect. 6.6.4).

(2) The effects of creep may be neglected, 1.e. @¢r = 0, if at least two
of the following conditions is fulfilled:

A< 40 (6.6.4 2)

eg/h 2 2 {6.6.4b)

Ngg / Ngg < 0.15 | (6.6.4¢)
where: A = slenderness ratio acc. to sect. 6.6.2

eg = first order eccgntricity Mosa !/ Ngq

MGSd = first order moment under design load (including

imperfections)
Ngg = axial force under design load
Ng; = axial force under (unfactorred) quasi-permanent load

{see sect. 7.2.2)

6.6.4 Geometrical imperfections

(1) The effect of geometrical imperfections should be included in the
analysis (unless a specific method is used which in itself includes the
effect of a relevant imperfection).



e
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(2) The effect of imperfections can be based on an inclination a,

with the follow design value o, for one individual column:
a, =0,01/47 (6.6.5)

where [ = length of member in [m]

(3) To calculate the combined effect of imperfections from
horizontally connected vertical elements, a mean value .,y according
to eq. (6.6.6) can be used.

U =, /05 (1417 m) (6.6.6)

where: m = number of vertical elements contributing
to the combined effect

(4) In the design of isolated columns m is always equal to 1, i.e.

Qam = Oy, and [ is the actual length of the column, i.e. generally
not the buckling length.

(5) In other cases than in (4) m and depend on the case
considered, see Fig. 6.6.2:

a) case a in Fig. 6.6.2 a for calculating the total effect of

imperfections on a “bracing member* A. Thereby, ! and m can be
defined as follows:

- - for braced columns which are continuous throughout the
building: / is the height of the building and m is the number
of continuous members (including the bracing ones).

- - for columns consisting of storey high elements: / is the
storey height and m is the number of individual members.

b) case b in Fig. 6.6.2 b for calculating the total effect on a “floor

diaphragm* transferring the horizontal loads from braced to bracing
members. In this case, [ is the storey height and m the total number

of columns in the two storeys which contribute to the total horizontal
force on the floor.
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(6) In the analysis of entire structures the effect of ancrfcctsons can
be rcpresemed by horizontal forces, see Flg 6. 6 2

{7) For isolated colummns the effect of imperfections can be represented
by horizontal forces according to Fig. 6.6.3 or, for non-sway columns,

by an eccentricity e,

e = e l/2 o (6.6.T)

Ry

\w
£
Z
%

M=
.7[4 (NN
i bgi G
; h
i

a) case a: effect of imperfections b} case b: effect of imperfections
for bracing member for floor structure

Fig. 6.6.2  Representation of geometrical imperfections

[

Fig. 6.6.3  Effect of imperfections on isolated columns, expressed
in terms of equivalent horizontal forces H

fip/ pracides/ london/ 66column.dec Final Draft London September 1996



FIP Recommendations 1996 “Practical Design of Structural Concrete”

6.6 Design of columns page 6.6-6

6.6.5 Method based on estimation of secant stiffness

(1) With a reduced bending stiffness, i.e. a secant stiffness taking into
account cracking, material non-linearity and creep, analysis can be
made formally by second order elastic theory. In some cases
amplification factors formulated on the basis of a fictive buckling load
can be used, provided the buckling load is based on such a reduced
stiffness (i.e. a stiffness reflecting the conditions of the structure in
ULS, not the stiffness of the structure in a fictive state of buckling).

This is applicable for isolated members as well as for whole structures.
The effect of imperfections according to 6.6.4 should be included in
the analysis.

The cross-sections are designed in ULS for the normal forces and total
moments resulting from the analysis.

(2) The general definition of the secant stiffness is:
El =M/ (1/r) (6.6.8)

where  1/r = curvature at moment M and normal force N.

(3) A simple estimate of the secant stiffness in is given by eq (6.6.9).
It is generally conservative if the total reinforcement ratio p 20,01,

El = 0.4-El, /(1 + ¢ (6.6.9)
where: E. = design value of the modulus of elasticity of concrete,

I = moment of inertia

®er = effective creep ratio according to sect. 6.6.3

(4) If the reinforcement is known (or assumed) and if the

reinforcement ratio is p 2 0.01, then eq. (6.6.10) can be used as a
better estimate:

El = 0.2-El. / (1 + ¢y + EJ (6.6.10)
where: E; = design value of modulus of elasticity of reinforcement,
I; = moment of inertia of r¢inforcement (with respect to CG

of cross section)
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(5) If the cross section can be shown to be uncracked under design
moment (including second order moment), then eq (6.6.11) may be

used.
El = 0.8-EJl, /{1 + 9. (6.6.11)

(6) Other methods for calculating the secant stiffness may be used.

6.6.6 Simplified method for isolated columns

(1) The following method is based on a simple estimate of the
curvature in the critical section, giving the deformation and hence the
second order moment. This is added to the first order moment to give
the total design moment for which, together with the axial force, the
cross section is designed in ULS. The method should be limited to

0
cases where the first order moment M gy corresponds {0 an
eccentricity e, 2 0.1 h.

(2) The method is best suited for individual columns with constant
axial load and boudary conditions acc. to Fig. 6.6.1 a) we). It can
also be used for other cases , provided the buckling lenght defined in
sect. 6.7.2 (2) is determined with due consideration of elastic restraints
and/or variation of axial force.

(3) The total design moment is
MSd = MOSd “+ M2 (6.612)

0 . . .
where: M gy = first order design moment, including the
effect of imperfections

M, = second order moment

Differing first order end moments M01 and MGZ in a non-sway
column acc. to Fig. 6.6.1 a), ¢), d) and g) may be replaced by an

equivalent value:

Me, = 0.6-M% + 0.4-M, (6.6.13)

0 . . L .
M7, and M% should be inserted with the same sign if they give
tension on the same side of the column, ctherwise with opposite signs.

Further, !MG:z! 2 IM%‘ .
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(4) The second order moment M, is determined as follows:

M; = Ny e (6.6.14 a)

e, = ()10 /B (6.6.14 b)
where: Ngg = axial force under design load

€ = deformation (eccentricity)

I/r = curvature, see (5) below

lp = buckling length, see sect. 6.6.2

B = factor depending on the curvature distribution

For the factor B in equ. (6.6.14 b) normally B =10 (=~ n®) can be
used. If the first order moment is caused by a concentrated horizontal
load near midheight, ot at the top of a cantilever column, then =12
can be used. If the reinforcement is curtailed according to the moment
diagram, then B = 8 should always be used.

(5) For cross-sections with symmetrical reinforcement, the curvature
can be estimated as follows:

1t = (1 4+ @yf2)a-2g4/1z (6.6.15)
where: ¢@.s = effective creep ratio, see sect.6.6.3

eya = fya/Es

z; = distance between the centres of the reinforcements on
each side of the cross-section

@ = (Nyg-Ngg)/(Nyg-Npg) < 1

Nus = axial capacity of cross-section =(fiq A, + fya As)

Ngg = the actual design axial force

Npay = the axial force which gives maximum moment

capacity, normally ~ 0.4-f 4 A_
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6.7 Design of slabs
6.7.1 General and desipn model

(1) The design medel for the B-region of slabs consists of two chords
or outer layers connected by the web or inner layer in between. in the
general case of bi- or triaxia_liy ioaded slabs the chords are represented
by biaxially loaded pllat_le el_e'fnents resisting the in-plane effects of the
moments and axial forces and torsion, as wetl as the additional forces
due to the transfer of shear and' torsion in the web due to the truss
action. ' o '

(2) In B-regions of slabs primarily subjected to moments parallel to
the directions of the reinforcment the flexural design to determine the
inner lever arm between the chords follows sect. 6.4.2 and the shear
design follows sect. 6.7.2.

(3) The D-region design for punching of a column through a two-way
slab is dealt with in sect. 6.7.3.

6.7.2 Shear design of one-way spanuning slabs or members

(1) The structural behaviour of siender members without transverse
reinforcement may be representred by the truss model with a biaxial
tension-compression field in the web shown in Fig. 6.7.1 a. According
10 this model the required force in the tension chord is:

Fs= M/z + 038V (6.7.1)

(2) The ultimate strength of this model is not determined by the
tensile strength of the concrete ties, but by the shear transfer
mechanisms across the cracks, i.e. mainly the friction across the crack
surfaces and the dowel action (see Fig. 6.7.1 b). Based on constitutive
laws for these mechanisms an explicit equation can be derived for the
design capacity, which may be simplified as follows:

Vire =bwd 0.12 fckﬂa Bn /7 [1 +0.0607 d { p] (6.7.2)

where: d [m] = effective depth
fox {MPaj

p [-1= A;/bd = reinforcing ratio of longitudinal reinforcement

fin = [1- (on/400) (d/p)l = factor for influence of axial
forces or of prestress

oy = N/bd = axial stress {MPa]; (+ for tension)
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/

i L ]
30 =B/2
b) truss model with biaxial tension - compression field in the concrete

Fig. 6.7.1  Shear transfer mechanisms and truss model for members
without transverse reinforcement

(3) If Vgq exceeds Vgq acc. to equ. (6.5.1), then transverse
reinforcement is required, which should be designed according to sect.
6.4.3.2. However, no minimum transverse reinforcement need to be
provided in regions with Vg3 <Vpgq.

(4) 1f in two-way slabs the principal shear is not in the direction of the

longitudinal reinforcement the design may be carried out acc. to sect.
6.4.2.5 of MC 90,
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6.7.3 Punching

6.7.3.1 General

(1) The punching resistance to the transverse effects, i.e. the transfer
of concentrated forces (loads or reactions) acting on slabs without
shear reinforcement may be verified in terms of nominal shear stresses
at control perimeters around the concentrated force. This empirical
approach for assessing the punchmg resistance does not imply any
physical meaning for the nominal shear stress on the defined section,

(2) The applied shear 14 can be determined at a critical section taken
on a perimeter at a distance 2.0 d from the boundary of the loaded
area, as shown in Fig. 6.7.2 and Fig. 6.7.3, and should satisfy the
following condition:

Tgg = Pgg / wyd £ 1Tpg | 6.7.3)

where Pgq = punching load due to the appiicd external loads; this
may include the vertical effect of prestress acting inside
a pemncter atadistance h/2 from the perlphery of
the loaded area.
u; = perimeter at a distance 2 d from the boundary of the
loaded area (see Fig. 6.7.2 and Fig. 6.7.3)
d = effective depth

(3) The applied load Pgy may be reduced by the loads within the
control perimeter defined in (2), which especially is relevant for
column bases. :

6.7.3.2 Symmetric punching of slabs without shear reinforcement

(1) For the above defined critical section, the resistant punching force
for symmetrically loaded (interior) columns is given by:

tre = Pra / uwpd = 0.12 £ (100 p £ 3 6.7.4)
where: £ = (1 + 200/d} factor for size effect, with d [mm]

pl-1 = Vp; py = ratio of flexural reinforcement.
In each direction p should be calculated for a width
- equal o the dimension of the loaded area plus 3d on
each side of it (or the slab edge if it is closer).

PO 00P PP OO PO VPP PPV PV OD DT DD GO w s ® v e

fip/ practdes/ fondon/ 67slab. wsd Final Draft Lopdor September 1996



FIP Recommendations 1995 "Practical Design of Structural Concrete”
6 Ultimate Limit State Design

6.7 Design of slabs page 6.7 - 4

(2) For prestressed slabs the beneficial effects of the prestress may be
considered as in the FIP Recommendations for Slabs and Foundations.

ci
[0} " Ui

Y i
E r y / S
™ by X | ¢2
2d J :[Ed
| bx | ' DX

Figure 6.7.2 Critical perimeter u; at interior columns

Iesserjﬂ.‘»d;!g[

lesser (0.5¢1;1.5d)

Figure 6.7.3 Critical perimeter u, at edge and corner column

6.7.3.3 Punching of slabs with transfer of moments to column

(1) The resistant punching load is reduced, if there is a moment
transfer between the slab and the column. This may be taken into

account by increasing the applied shear Tg4 by a facor B giving an
effective design value

Tsdetf = B Tsq (6.7.5)

where 8 1.15 for edge columns,

B = 1.40 for corner columns.
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6.7.3.4 Slabs with punching shear reinforcement

(1) When the punching capacity according to eq. (6.7.4) or (6.7.5) is
not sufficient, either a drop panel may be placed or shear
reinforcement pe provided. If shear reinforcement is placed, the
following checks have to be carried out. -

(2) The maximum punching capacity is limited by the capacity of the
concrete in compression of the node where the load is transferred. The
maximum load transferred across the perimeter up inmediately
adjacent to the loaded area (see Fig. 6.7.4) is limited to:

Psd e < Pre = 0.50 up 4 feq (6.7.6)

where ug perimeter defined in Fig. 6.7.4.

i
T___{% ] \

lesser{c;1.5a} /
A

! \Uo Uo

fesser{c; 1.5

Fig. 6.7.4 Perimeter up for maximum resistance, uo

{3) At the zone in which the punching shear reinforcement is placed,
the punching capacity is given by:

Psger < 0.09 & (100 p fa )12 upd 4 1.5d (Agu/sy) fywd sint (6.7.7)
where
Agw = area of shear reinforcement in a layer around the column.

s, = radial spacing of the layers of shear reinforcement, Fig.6.7.5

o = angle between shear reinforcement and the plane of the slab

foa € 300 MPa
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b) Layout of shear reinforcement at edge columns (plan view)
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) Layout of shear reinforcement at corner columns (plan view)

Fig. 6.7.5  Layout of shear reinforcement for differnet cases

(4) A minimum shear reinforcement has to be provided as defined by
the following equation:

Asw/sr = [0.03 (100 p fex P uy] / 1.5 fywa sina (6.7.8)

(5) The shear reinforcement may consist of vertical or inclined bars or
stirrups and must be arranged following the requirements defined in
Fig. 6.7.6.
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(6) Atedge- and corner-column connections, the shear reinforcement
required by calculation should be placed within the segments indicated
in Fig. 6.7.5 b and c. Similar reinforcement at the same spacings
should be provided in the areas between these segmenis and the slab
edges, but should not be taken into account in calculations.

(7) Outside the area with the perimeter Uy e as defined in Fig.6.7.7,
where the shear reinforcement is required, the puhching capacity must
comply with eg. (6.7.3). In this case it may be assumed that the effect
of unbalanced moment transmitted by shear has vanished.

<0.5d
<0734
<0.75d

«{,750
<0753
<054

Figure 6.7.6 Layout of shear reinforcement (elevation)

Parimeter u, o

Figure 6.7.7 Definition of perimeter up efr
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6.8 Plate and shell elemehts

(1) A shell element is an element in the B-region of a slab, plate or
shell, which is subjected to the combined action effects, i.e. axial
forces and bending moments as well as in-plane and out-of-plane shear
forces due to shear and torsion. The design model consists of two
chords or outer layers connected by the web or inner layer in between.
The outer layers represent plate elements subjected to in-plane normal
and shear forces only, which result from the combined action effects.
Generally, also the additional forces have to be considered, which
result from the transfer of shear and torsion in the web due to the truss-
action. The inner layer between these outer plate elements transmit the
transverse shear forces as web between the chords.

(2) The distance between the outer layers, i.e. the inner lever arm z
or the web height, is defined by the axes of the outer plate elements.
The position of these axes may normally be assumed in the middle of
the two reinforcing layers, unless large axial compressive forces act on
the shell element, i.e. the compressive strength of the struts in the
outer layers is exceeded. In the latter case 2 h /3 may be taken as an

approximation.

(3) The design model for the plate elements under biaxial normal
forces and shear forces consists of inclined struts equilibrated by ties in
two orthogonal directions, normally. For biaxial tensile and
compressive normal forces and for pure shear the angle of the struts
may be assumed at 45° with respect to the directions of the

reinforcement.

(4) For more refined considerations see MC 90 as well as the CEB
Bulletin for Bending and Compression.
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6.9 Fatigue

6.9  Fatigue

(1) Fatigue checks should be made for the effective fatugue action
based on traffic measurements and by applying Y¥s¢ = 1.00.

(2) Stresses should be determined on basis of the elastic theory, taking
into account cracking of concrete by modifying the stiffnesses
accordingly.

(3) A verification of the fatigue strength under compression need not
be carried out if the following condition holds (see Fig. 6.8.1}:

Gemax | foa € 0.50 + 0.45 Gogun / fea € 090 (6.9.1)

wheTe: O ms, = Maximum compressive stress at fibre under frequent
load combination

G, min = Minimum compressive stress at the same fibre where
Ocmax Ocours, if G min <0 (tension) then the
condition G¢ max / fea < 0.50 should be fulfilied

; Se max
fcd

1.0 o —
R §
Lo
[
Lo
o
0.5 P
I
|
b
.

018 6 } . e, min
0 1.0 fea

Fig. 6.9.1 Fatigue strength of concrete in compression

(4) For unwelded reinforcing bars and for prestressing steel subjected
to tension, adequate fatigue resistance may be assumed, if under the
frequent combination of actions the stress variation Ao, does not
exceed 70 N/mm?,

{5) Slender and special structures may require special attention, and
reference is made to MC 90, sect. 2.1.7.

page 6.9 -
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7 Serviceability Limit State
7.1 Requirements '

(1) It should be demonstrated that the structure and the structural
elements perform adequately in normal use. To meet this requirements
the serviceability limit states should be verified.

(2) Depending on the type and function of a structure or a structural
elemnent the verification of different serviceability limit states may be
relevant, such as the liritation of

- stresses (see section 7.4),

- crack widths (see section 7.5),

- deformations (see section 7.6),

- vibrations (see section 7.7}.

7.2 Actions and Action Effects
7.2.1 Permanent and variable actions

The permanent and variable actions are defined as for ULS (see
sect. 6.2), but shall be applied with y; = 1.0.

Prestressing effects shall be considered with its mean value, as stated
in section 3.4.2, and with a safety factor of v, = 1.0. -

7.2.2 Load combinations

The combination of loads to be considered depends on the type of SLS
and on the specific problem. It is suitable to utilize one of the
combinations given in table 7.1, i.e:

- quasi-permanent combination,

- frequent combination,

- rare combination.

All direct and indirect actions such as loads or imposed or restrained
deformations due to temperature effects, shrinkage, creep, changes of
support conditions etc. should be considered.

The values in Table 7.1 are indicative, and whereever possible loads
and corresponding w -values should be taken from national or
international standards.
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Table 7.1: Combination of actions for SLS

Quasi-permanent G+P +Zy, Q;
Frequent G+P +y,Q +Iy,Q;
Rare G+P + Q +IyiQ
with:  Q, = basic variable action; Q, = other variable actions;
vy, = coefficient for frequent value of an action
y, = coefficient for quasi-permanent value of an action
Action L) Y2
Buildings
dwellings 0.4 0.2
offices, retail stores 0.6 0.3
parking areas 0.7 0.6
Highway bridges*
l= 10m 0.7 0
1 =100 m 0.5 0
Wind *#* 0.2.-0.5 0
Snow ** 0.2-0.8 0-0.2
Temperature 0.5 0

%  For intermediate values: lincar interpolation

** Depending on geographic location

7.2.3 Material properties

The material properties shall be assumed with their mean value or their
characteristic value depending on the particular application and the
relevance of the behaviour. Partial safety factor 7. shall be as given
in section 2.1.

The following examples may be used as a guide line for which value
may apply:
- deflections: mean value of elasticity, Ecm.

- onset of cracking for loads, crack widths: characteristic value of
tensile strength, ok, 0,05-

- restraint forces in uncracked structures under imposed deformation:
characteristic value of tensile strength, fex, 0,95.
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7.3 Structural Anaiysis
7.3.1 Effective span

(1) Usually, the effective span 1 is equa} to the distance between
adjacent support axes. '

(2) In case of wide support widths t the support axis may be assumed
in a distance of t/3 of the support face, but not more than h/2
{with h = depth of the supported member) unless more reﬁncd
consxdcranons are made '

7.3.2 Effective width of flanges

(1) In the absence of more accurate methods, the effective width begr
for compression flanges of beams with solid webs, and hoﬂow box
sections, may be taken as '

bess = by + I,/ 5 - (T-beams)
besr = bw + 1,/ 10 | '(Lfbe'ams) o .

with: b, = thickness of the web,
1, =distance between points of zero moments,

(2) The effective width by shall not be taken longer than the actual
width of the flange see fig. 7.1. These effective widths may be
assumed constant over the entire span, including the zones near
intermediate supports.

(3) In general, for the effective width of a tension flange the same
width may be assumed as for a compression flange.

. i’"beﬁ’“

i
1

k- by 4 by 4% by by
: |

015 {8 +02) =2p

fo =0 '8561 | Cg w={}e 782 cantiiever
l . 1 fp=2-{3

= =
; fa"“I

|
Fig. 7.1 Effective widths for the flanges of T-beams

4oyl

&y | 147

FIP! pracides/ london/ Tserv.wsd Fimal Drafi l.ondon September 1996



FIP Recommendations 1996 "Practical Design of Structural Concrete”

7 Serviceability Limit State page 7 - 4

7.3.3 Distribution of internal fo- :2s

(1) For SLS checks it is, in general, assumed that the structure as a
whole behaves quasi-elastically: i.e. that the distribution of internal
forces of hyperstatical systems may be calculated according to the
theory of elasticity. Where relevant, non-elastic effects such as
cracking and, in certain cases, creep and shrinkage are then accounted
for by an appropriate reduction of stiffness.

(2) However, in many cases, it is sufficient to assume a plausible
distribution of internal forces which satisfies the conditions of
equilibrium and which, from experience, can be expected to differ little
from the elastic one.

7.3.4 Redistribution of internal forces

(1) Relevant changes of statical systems due to different stages of
construction should be considered. Owing to creep and concrete
relaxation the final distribution of internal forces tends towards that of
the one-mass system, as if the structure had been entirely cast in one
operation.

(2) Detailed step-by-step calculations could be carried our in
accordance with the methods given in the CEB Manual on structural
effects of time-dependent behaviour of concrete. In most cases the
associated changes in the distribution of action effects can be
approximated by

¢
Seo = SO + (se - So) S (72)
1+08¢
with: o = final action effect after redistribution,

S

So initial action effect at the construction stage,
Se = action effect for the one-mass system,
¢

= creep coefficient.

Both, S, and S, shall include the effects of prestressing forces.
Fig. 7.2 illustrates the above equation.
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Fig. 7.2: Redistribution of internal forces for a beam on three supports

7.4 Stress Limitations

7.4.1 Genersl and cases where stress limitations are not essential

(1) Under service load conditions the limitation of stresses may be

required for

- tensiles stresses in concrete

- cOmpressive stresses in concrete
- tensile stresses in steel.

{2) The stress limitations given in subsections 7.4.3 and 7.4.4 below
may generally be assumed to be satisfied without further calculations
provided the minimum reinforcement provisions of subsection 7.5.5

are satisfied.

7.4.2 Concrete in tension

Where assessing cracking according to section 2.1.4, the tensile
strength fow 0,05 should be used. In webs with shear and torsion, the

principal tensile stress should be used to asses cracking.

7.4.3 Concrete in compression

(1) Excessive compressive stresses in the concrete under service load
may lead to longimdinal cracks and high and hardly predictable creep,

page 7- 5

with serious consequences to prestressing losses. When such effects are

likely to occur, measures should be taken to limit the stresses.

{2) If under the quasi-permanent load combination the stress exceeds
0.45 f.u(t) 2 non-linear mode! should be used for the assessment of

creep (see MC 90, 2.1.6.4.3(d)).
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7.4.4 Steel

(1) Tensile stresses in the steel under serviceability conditions should
be limited to

o, < 0,8 f (1.3)

This is to avoid inelastic deformation of the steel since this would load
to large, permanently open cracks.

(2) For more stringent crack control it may be neccessary to restrict
the stress level in the reinforcing steel, and the increase in the stress
after decompression in the prestressing steel; further, see sect. 7.5.4.

7.5 Crack Control
7.5.1 Requirements

(1) It should be ensured that, with an adequate probability, cracks
will not impair the function requirements, the durability, and the
appearance of the structure.

(2) Cracks do not, per se, indicate a lack of serviceability or durability
of a concrete structure. Cracks due to tension, bending, shear and
torsion are often inevitable in reinforced structures, resulting from
either direct loading or from restraint of imposed deformations.

(3) Thus, the designer should specify, in agreement with the client,
the relevant criteria to be fulfilled for the finished structure and for
intermediate construction phases. Such criteria may be in terms of
limitation of tensile stresses or of crack widths.

(4) Crack width limitation may be verified either by calculation of
crack widths or by appropriate detailing. In cases where the ULS
design leads to low reinforcement ratios, minimum reinforcement may
have to be provided.

(5) Due to many uncertainties in the assumptions, actual crack widths
in the structure may be larger than the ones assumed in the design.
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7.5.2 Crack width limits
% & 2.1 Reinforced concrete members

(1) For reinforced members, and in the absence of specific
equirements (e.g. watertightness), it may be assumed that for exposure
classes 2 to 4 a crack width limit wyp equal to 0.30 mm under the
quasi-permanent combination of actions is satisfactory.

(2) For exposure class 1, this limit may be relaxed provided that it is
not neccessary for reasons other than durability.

(3) When de-icing agent are expected to be used on top of tensioned
zones, appropriate values should be specified in accordance with the

client, depending on the thickness and quality of the concrete, and of
additional protective layers. : o o

7. 5.2.2 Prestressed concrete members

(1) For prestressed members if more detailed data are not available,
the crack width limiting values presented in Table 7.2 may be used.

(2) For corrosion protected tendons the crack width limits of
reinforced concrete members shall apply. Corrosion protected tendons
shall mean multistrand tendons encapsulated in a thick-walled plastic
tube, or monostrand tendons protected with grease and extruded
sheathing, or equivalent systems.

Table 7.2 Crack width limits

Exposure class Wy under the frequent load combination
post-tensioned pre-tensioned
1 0.20 0.20
2 0.20 No tension within <ngm

~ distance from tendon is allowed

3 and 4 (a) No tension atlowed within Cpom Of prestressing steel;

b) if tension is accepted, impermeable ducts or goating of
the tendons should be applied; in this case wyy, = 0.20
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7.5.3 Calculation of crack widths
7.5.3.1 Introduction
(1) The following inequality should be observed
Wi £ Wiim (7.4)
where: w;  denotes the characteristic crack width calculated under

the appropriate combination of actions.

Wi denotes the nominal limit value of crack width which is
specified for cases of expected functional consequences
of cracking or for cases related to durability.

(2) The formation, propagation and width of cracks depend on a great
number of parameters, some of which (e.g. casting and curing
procedure, climatic conditions, temperature, etc.) are not known at the
design stage. Elaborate crack-width-calculations are thus only
warranted in special cases and if the relevant parameters can be
reliably predicted.

7.5.3.2 Basic crack width formula

(1) For all stages of cracking, the design crack width may be
calculated according to

Wk = S5 Egm (7.5)
where: s, = average crack spacing
Esm = average steel strain

The crack spacing and average steel strain may be calculated for a
concrete tie around a reinforcing ribbed bar as follows:

s, = 2¢c +ap, B/ p | (7.6 a)
asm = Ss - 0-40 Esrl (7.6 b)
where: ¢ = concrete cover : @ = bar diameter

P = Ay [ Acess
A. s =effective concrete area defined in Fig. 7.6
op = 0.125 for good bond; o, =0.200 for other areas

€r1 = femin/ P Es

(2) For more details see MC 90, 7.4.3.
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7.5.4 Crack control by detailing

(1) Applying sect. 7.5.3 with some simplifying assumptions, and
assuming crack widths of 0.30 mm for reinforced concrete members,
and 0.20 mm for prestressed concrete members, the following
simplified rules for detailing are obtained.

(2) For cracking caused mainly by restraint, crack widths will not
generally be excessive provided that the bar sizes given in Fig. 7.3 are
not exceeded. Thereby the og-value of Fig. 7.3 is that calculated at
cracking of the element.

b o, [MPs]

4001 \
N

.

g 00T < \\fj;‘f\f’fmembers
% . .
E 200 \\1‘\*\':\
@ prestressed members -

100+ _

| ' & fmm]
10 20 30
Bar size

Fig. 7.3: Maximum bar diameter

(3) For cracks caused mainly by loads, crack widths will not generally
be excessive provided either the provisions of Fig. 7.3 or those of Fig.
7.4 are satisfied. : ' ' :

b o, [MPa]

IS
3

ha

\\
\ reinforced members
S

200 o <~
prestressed me;;;E\\

100+ \

! + t aen
100 200 300
Bar spacing

L]
]
[=]

Steel strass

Fig. 7.4: Maximum bar spacing
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7.5.5 Minimum reinforcements

(1) In every area where under SLS conditions the tensile strength of
concrete may be exceeded, a minimum amount of reinforcement should
be provided to assure a predictable behaviour of the member.

(2) For the combination of pure tension and flexure, and in the
absence of more rigorous methods, a minimum amount of
reinforcement, Ag min, Should be provided within tensioned concrete
zones of all load-bearing members

Ag min = Pr,min A eff
where: p;min = mMminimum percentage acc. to Fig. 7.5

Accff = efffective concrete area as defined in Fig. 7.6

N L
©r min :[%] Tension flange of
1.00 deep girder or walls 7/
E P
g 0.80 N
3 hel/hi4_ 0.0
= e
PHERED o vl
E o020 4__./: O'B:-—it""-
§ ——1—1 1.0 | Thin slabs s
|
0.00 50 100 150 200 250 300 [mm]
Bar spacing
Fig. 7.5 Minimum percentage pPr min

(the graph is valid for foq, = 2.9 MPa and fyy = 460 MPa. Other
values may be extrapolated with  pr min x (foum /2.9) x (460 /fyy)

ra T
\

NP
Jsls)

Fig. 7.6 Effective concrete area for minimum reinforcements
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7 Serviceability Limit State

(3) In tension zones with large diameter bars or with bundles of bars
requiring large concrete cover, a skin reinforcement according to
Fig. 7.7 is required for adequate crack control. This reinforcement
may be taken into account for the flexural and shear design, if
appropriately detailed. : :

Ast = 0.0t 51 bc N
5 100 mm !

{ 1

o
)

;q"]*
)

.
/..

Ao 4]
2

Fapttuppatil 8

)
s+ 100 mm " Ag = 0.020 s; b, (in general)

Ag = 0,015 5; be{post—~tensioned members)

L]

Fig. 7.7 Skin reinforcement in case of large concrete COvers

(4) In prestressed members or in reinforced concrete members subject
to compressive normal force, the minimum reinforcement area may be
reduced below that neccessary for ordinary reinforced concrete due to
the influence of '

- the increased flexural stiffness fo the compression zone,
- the coniribution of the prestressing tendons,

. the effect of prestress or compressive normal force contributing to
crack width limitation of single cracks.

(5) In prestressed members, the minimum reinforcement for crack
control is not neccessary in areas where, under the rare combination of
actions the concrete remains in compression. '

(6) Prestressing tendons may be taken into account as minimum
reinforcement within 2 300 mm square surrounding the tendon,
provided that the different bond behaviour of the tendons and
reinforcment are considered. In the absence of better information, the
prestressing tendons may be assumed 50 % effective.

0P e E PP VPO PO PP PP TP PP PP PPV PP TP IPP TP I TS T e >
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7.5.6 Crack control for D-regions
7.5.6.1 Definition of the model

A D-region may be modelled with a strut-and-tie model for the
verification of cracking at the Serviceabilty Limit State. The model
should be orientated by the stress fields determined from a
linear-elastic analysis.

7.5.6.2 Crack control

For the verification of the crack control the requirements of sect. 7.5.1
apply.

The verification of crack control is carried out by checking the crack
width of the tie with the maximum force. The area of the tie is defined
in Fig. 7.6 according to MC 90. Based on the area and stress in the
tie, the verification can be carried out in accordance with sect. 7.5.4.

7.6 Deformations
7.6.1 Requirements

(1) In service deformations (deflections and rotations) may be harmful
to

- the appearance of the structure,
- the integrity of non-structural parts,
- the proper function of the structure or its equipment.

To avoid harmful effects of deformations appropriate limiting values
should be respected.

(2) Deformation limits should normally be agreed between the
designer and the client. In the absence of such agreements, the
following values can be used as indications:

(a) total deflection below level of supports under quasi-permanent loads
span /200 to span/ 300

(b) deflection that occurs after addition of partitions
span/ 500 to span/ 1000

More detailed guidance is given in ISO 4356.
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7.6.2 Means of limiting deformations

(1) Under certain conditions, the checking of deformations by
calculations may not be necassary. Conditions generally contributing to
reduction of deformations are: ' B

a) Prestressing, even to a low degree,
b} Using high-strength concrete, |
c) Careful curing of the concrete,

d) Removing the falsework as late as possible or eise supporting
the structure by temporary props,

e) Proper dimensioning and detailing of the reinforcement,
f) Avoiding high span/depth ratios (al) / b,

g) Compensating by initial camber.

(2) For case f) the o-—values of_ different structural systems which
yield approximately the same deflections are given in Table 7.3.

Deflections rarely become critical for spans smaller than 5 m or when
the (al) / h - values do not exceed 25 for beams or 30 for slabs.

Table 7.3: Values for o (ratio of notional and actual spans)

Beams Slabs o
Y- umm— 3 1.0
| end span
3 L IR A Ay “:L 0.8
e 1
" f 4 |
? o £ 0 Fa ! q%‘, 0.6
Lo = 0.8 lna
""_..":q
4 41 ] 24
- L
FIP/ pracides/ london/ Tserv.wsd Final Draft London September 1996




FIP Recommendations 1996 "Practical Design of Structural Concrete"

7 Serviceability Limit State page 7 - 14

(3) Special attention should be given to the support conditions
(continuity) in hyperstatic structures: a small reduction in end restraint
due to cracking at the supports may lead to a considerable increase in
deflection in the span.

7.6.3 Defc.:nations due to bending

(1) For building members, long-term deflections can be evaluated by
the following relations based on a bilinear relationship between load
and deflection:

a=(1+1f)a for Mg < M,
a=Mm/d’n (1-20pem) 2. for Mg = M, 1.7

with: M; = cracking moment assessed according to
sect.2.1.4 (4) and based on f,

a, = elastic deflection calculated with the rigidity t.I. of the
cross-section (neglecting the reinforcement)
My = bending moment at mid-span of a beam or a slab, or at the

fixed end of a cantilever under frequent actions
Pm = geometrical mean ratio of tensile reinforcement
Pecm = geometrical mean ratio of compressive reinforcement

n = correction factor (see Table 7.4), which includes the
effects of cracking and creep

¢ = creep coefficient

Table 7.4: Correction factor n for estimate of ¢ :flections
Pim (%) 015 02 03 05 075 1.0 1.5
n 10 8 6 4 3 25 2
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(2) The mean percentage py of tensile reinforcement is determinded
according to the bending moment diagram (see Fig. 7.5)

- (1.8)

: la ] { b
= S+ pE 4 =
where
pa. P, = percentages of tensile/compressive reinforcement at
the left and rigth supports, respectively,
p = percentage of tensile reinforcement at the Mpgay-section

An estimate of the lengths 1, and 1y is generally sufficient.

(3} For other types of deformations, reference is made to the MC 90.

N /Nb
~_

“Ago
Fig. 7.5: Bending moment diagram defining 1y, 1; and Iy

7.7.3 Deformation control of D-regions

(1) For the verification of the deformationcontrol the requirements of
sect. 7.6.1.1 apply. :

{2} The deformations of the struts may be assessed with an average
area over the entire length, because the struts are stiffer than the ties
and therefore mostly have not much influence on the deformations of
the D-region.

(3) The deformations of the ties should be calculated considering the
tension stiffening effect provided by the of concrete between the
cracks. This effect may be calculated according to section 3.2 of
MC 90, and in particular the expressions given in sect. 3.2.3.
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7.7 Vibrations
7.7.1 General

Vibrations of structures may affect the serviceability of a structure as
follows:

- functional effects (discomfort to occupants, affecting operation of
machines, etc.),

- structural effects (mostly on non-structural elementes as cracks
inpartition loss of cladding ¢ic.).

7.7.2 Vibrational behaviour

(1) To secure satisfactory behaviour of a structure subject to
vibrations, the fundamental natural frequency of vibration of the
relevant structures should be kept sufficiently apart from critical values
(f > f.), which depend on the function of the corresponding
building, see Table 7.5.

(2) The vibrational behaviour of ::ructures can be influenced by the
following measures:
- changing the dynamic actions,

- changing the natural frequencies by changing the rigidity of the
structure or the vibrating mass,

- increasing the damping features, etc.

Table 7.5 Recommended lower bounds «f the fundamental frequency f.; of floors

Structures Frequency f.; [Hz]
Gymnasia and sports halls 8.0

Dance rooms and concert halls without permanent seating 7.0

Concert halls with permanent seating 34
Structures for pedestrians and cyclists see below*

* Natural frequencies between 1.6 and 2.4 Hz and between 3.5 and 4.5 Hz are to be
avoided in structures for pedestrians and cyclists. Joggers can also cause vibrations in
structures with natural frequencies between 2.4 and 3.5 Hz.

(3) Calculations of natural frequencies should always be carried out

with careful thought being given to the structural contribution of floor

finish, the dynamic modulus of elasticity, and the cracking including

tension stiffening effect of concrete between cracks. It is advisable to
ITy out sensitivity analyses by varying these parameters.

FIP/ practdes/ london/ Tserv.wsd Final Draft London September 1996

NN N N o ol ol o o ol ol ol ol ol ol o o o ol ol o ol ol ol ol ol ol ol ol ol ol ol ol el ol ol ale



100000000000 POPIPIUIIYYYYYYYTYTTTTTTTT T T e

FIP Recommendations 1996 “Practical Design of Structural Concrete”

8 Structural Members page 8 - 1

8. Structural Members

8.1 General

(1) Detailing of reinforcement should in general follow from the
design model adopted. The axes of the reinforcement should coincide
with the axes of the corresponding ties in the model. Particular care
should be given to the reinforcement anchorages at the nodes. Some
complementary rules for some structural elements are given in this
section. ' '

(2) A minimum amount of reinforcement shall be provided to ensure a
proper behaviour of the members under the effects of all actions.
Special attention should be given to restraints respectively imposed
deformations, which are not explicitly considered in the analysis.

(3) It should be remembered that prestressing is a very effective way
1o counteract applied loads. Very important loads (at the scale of the
structure}, should in prmcxple be balanced by prcstrcssmg, improving
serviceability and detalimg S

8.2 Beams
8.2.1 Longitudinal reinforcement

(1) The minimum area of the tensile reinforcement is defined in
section 7.5.5.

(2) The area of the tensile reinforcement and the area of the
compressive reinforcement should not exceed 0.04 A_. One-third of the
maximurmn reinforcement needed in the span should be extended 10 the
end supports, and one-quarter o the intermediate supporis. Continuity
of bottom reinforcement is recommended to resist accidental positive
mornents. |

(3) In flanged cross-sections, at least 50% of the logitudinal
reinforcement should be located in the flange-web connection.
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8.2.2 Transverse reinforcement

(1) Transverse reinforcement should form an angle of 45° to 90° with
the axis of the beam. In most cases it consists of vertical stirrups (see
Fig. 8.1 a), well anchored by the anchor elements given in sect. 5.6.4
(5), see Fig. 5.12. It may also consist of a combination of stirrups and
high bond bars shear assemblies (Fig. 8.1 b).

|

recececeoeCcrrorPrPrPrrrrrrrrPrrrPrrCrCRCCRRRRERRARARAN
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I
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a) possible layout of stirrups

—

Wil
N2

L

b) examples for combinations of stirrups and shear assemblies

-

Fatin WO
I
— —

J

Fig. 8.1 Possible layout of transverse reinforcement

(2) A minimum transverse reinforcement should be provided, the
amount of which should correspond to a mechanical ratio of transverse
reinforcement of 0.20, i.e.:

Agwmin = 020 by s, sina f,/f, (8.1)

where s, = spacing of stirrups measured along member axis

(3) The maximum spacing of the stirrup legss either in the longitudinal
or in the transverse direction shall not exceed the values given in
section 6.4.3.
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8.2.3 Torsional Reinforcement

The transverse reinforcement in members subjected to forsion should
be detailed as shown in Fig. 8.1 a.

At least one longitudinal bar should be placed in each corner of the

stirrup. The other bars should be uniformliy distributed along the
internal perimeter of the stirrups, at a spacing not exceeding 350mm.

8.3 Columns
8.3.1 Longitudinal Reinforcement
(1) The area of longitudinal reinforcement should normally not be less

than 0.008 A, and not be more than 0.04 A.. In lapped joints the
area of reinforcement should not exceed 0.08 A,.

(2) The minimum number of longitdinal bars shouid be four for
rectangular columns and six for circular columns. 'I‘he diameter of the
bars should not be 1ess than 12 mm.,

8.3.2 Transverse Reinforcernent

(1) The diameter of the transverse reinforcement should not be less
than 6 mm or one-quarter of the diameter of the largest longitudinal
bars. Their spacing should not exceed the lesser of the following
values:

- 12 - times the minimum diameter of the longitudinal bars;
- the least Jateral dimension of the column;

- 300m.

(2) The transverse reinforcement should be detailed such that each bar
or each group of bars placed in a corner is held by transverse
reinforcement (Fig. 8.2); the same principle applies to every two
intermediate bars of the outer layer of reinforcement. No bar that is not
held shall be located at a distance of more than 150 mm away from a
bar that is held.
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(*) recommended for columns with
a diameter greater than 0.6m

Fig. 8.2 Examples of transverse reinforcement in columns

(3) In general all transverse reinforcement should be appropriately
anchored by hooks.

(4) Local effects in column D-regions (beam-column connections,
cross section variations) should be studied according to the chapter 6.5.
In general it is recommended to decrease the spacing of transverse
reinforcement, e.g. by a factor of about 0.6, in the regions located
above and below a beam or slab connection, as illustrated in Fig. 8.3.

sl
b
I N I
: J : s'=06s
t | b - larger dimension of the
} 5 % column and beam cross section
1 b
™ L
s’ 7
—
s
Fig. 8.3 Tllustration of transverse reinforcement detailing for a
beam-column connection
fip/ practdes/ london/ 8memb.doc Final Draft London September 1996

R EE R E R ddddddddd el aalalalalalal X K



FIP Recommendations 1996 “Practical Design of Structural Concrete”

8 Structural Members page 8§ - 5

8.4 Slabs
8.4.1 Flexural Reinforcement

(1) The minimum reinforcement is given in section 7.5.5. One-half of
the reinforcement needed in the span should be extended to the end
supports, one-third to intermediate supports.

(2) The ratio of secondary to main reinforcement areas should be at
least equal to 0.2 at any point. For high concentrated loads this
minimum ratio should be increased o 0.33.

(3) The lesser of the foliowing values for the maximum spacing of the
bars are recommended:

- for main reinforcement: Smas < 1.2h  or < 350mm

- for secondary reinforcement Smax < 2.0h  or < 350mm

(4) If the corner of a slab formed by two sxmple supported edges is
prevented from lifting and such resu'amt is not taken into account in
the analysis, then top and bonom rcmforccmcnt capable of resnstmg a
moiment at least eqnal to the vaiuc of the maxunum momem in the span
should be provided at the corner. For a corner with one edge simply
supported and the other restrained, this rcinfbrccr_ﬁcm should be
capable to resist a moment equal to at least oné-quafter of the
maximum moment in the span. The corner reinforcement should extend
from the face of the support up to a distance at least equal to 0.2-times
the smailer span.

If the edge of a slab is partially restrained and this restraint has not
been considered in the analysis a minirum top reinforcement should be
provided according to sect. 7.5.5. This reinforcement should extend
from the face of the support up to a distance at least equal to 0.2 times
the corresponding span.
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(5) Particular attention should be given to free edges (see Fig. 8.4). At
a free edge the slab should contain:

- longitudinal reinforcement running parallel to the edge and
consisting of at least two bars, one in top corner and the other in the
bottom corner;

- transverse U-shaped reinforcement running perpendicular to the edge
and enclosing the longitudinal reinforcement with the free ends
extending up to a distance of at least 2 h from the edge.

-

| v
| 1
o ____J] n
L
Fig. 8.4 Reinforcement along a free edge of a slab

8.4.2 Shear reinforcement

(1) Shear reinforcement should be provided in zones where Vgy >V 4.
This reinforcement should contain stirrups with the same minimum
amount as defined for beams in sect. 8.2.2. The stirrups should enclose
at least 50% of the longitudinal reinforcement at the bottom and top.
In general, the shear reinforcement should be inclined between 45°
and 90° to the middle plane of the slab.

(2) The distance between the face of a support and the first layer of
shear reinforcement should not exceed 0.5d. The transverse spacing of
bars in the same layer should not exceed 1.5d or 400 mm,
whichever is less.

(3) The requirements for punching-shear reinforcement are given in the
section 6.5.3 4.
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2.5 Walls
8.5.1 Vertical Reinforcement

The area of the vertical reinforcement should lie between 0.004 A, and
0.04 A.; generally half of this reinforcement should be located at each
face. The distance between two adjacénf vertical bars should not
exceed twice the wall thickness or 300 mm, whichever is less.

8.5.2 Horizontal Reinforcement

Horizontal reinforcement running parallel to the faces of the wall
should be provided at each surface with minimum area of 30% of that
of the vertical reinforcement. The spacing should not be greater than
300 mm and the diameter not be less than one-quarter of vertical bars.
If the area of vertical reinforcement exceeds 0.02 A_. then the clause
in sect. 8.3.2 applies. '

8.6 Deep Beams

(1) The requirements and criteria for modelling of deep beams are
given in the section 6.9.3.

(2) The main longitudinal reinforcement corresponding o the bottom
tie in the design model should be distributed over a depth of about
0.12h or 0.121 from the lower face of the beam, whichever is less
(see Fig. 8.5). This reinforcement should extended from one support 1o
the other and should be thoroughly appropriate anchored at the

supports, €.g. by horizontal hooks or loops, or best by means of
anchorage plates.

(3) A mesh of crthogonal reinforcement with minimum area of 0.1%
in each direction should be provided at each face.

{4) In case of suspended loading additional stirrups shall be provided
to hang-up these loads up 1o a level of hor ] (see Fig. 8.6).
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amf’ &3]

Fig. 8.5 Distribution of longitudinal reinforcement in a deep beam
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Fig. 8.6 Recommended reinforcement layout for a deep beam
with suspended loading (schematic)
fip/ pracudes/ london/ 8memb.doc Final Draft London September 1996

(K B B A A A I N S O Y N N N N N N N N N o o N ol ol N ol N N



FIP Recomm, 1996 "Practicai Design of Structural Concrete”

Appendix 1 page A -1

APPENDIX 1. CHARACTERISTIC VALUES OF VARIABLE ACTIONS

This short appendix on variable actions certainly does not constitute a complete
load specification; such an endeavour would indeed go well beyond the scope
and the competency of these Recommendations on practical design. There are
other national and international bodies dealing with the question of adequate load
assumplions.

However, it seems somewhat futile to specify combinations and partial safety
coefficients for actions, without also specifying the actions. Thus, the purpose of
this appendix is to indicate the order of magnitude of the loads which served as
guidelines for the present Recommendations

For variable actions of natural origin, such as wind, temperature, snow,
earthquake, etc., local conditions are a dominant factor; therefore no generally
valid regulations can be proposed. '

A 1. Highway bridges: live loads
Two types of loading should be considered, as follows.

H1 is a normal traffic load representation that includes three categories of
loading to cater for different local conditions and requirements.

H2 is an abnormal vehicular load requirement, the details of which are the
prerogative of the appropriate transport authority.

A 1.1 Type H1: normal traffic foading

Type H1 loading consists of a uniformly distributed load (see section A 1.1.1)
and an additional concentrated load (see section A 1.1.2). A longitudinal force
due to traction or braking of vehicles is also to be considered (sce

section A 1.1.3}.

The vertical loading includes an allowance for dynamic effects. In cases where
vibrations need to bc investigated explicitly, the loading will require separate
censideration.

A 1.1.1 Uniformly distributed load (UDL)

The UDL should be taken from Fig. Al, according to the loading category. The
UDL consists of joined sections of lane with constant intensity of loading.
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heavy 12 kN /m?2 8 kN / m?2 4 kN / m2
nc-mal 9 6 3
re.. iced 7 6 4 2

.o limit 15m 30 m 15m no limit

Fig. Al UDL for type H1 loading in longitudinal direction

For multi-lane bridges, the maximum lane loads to be considered as acting
simultaneously are given in Fig. A2 as percentages of the lane loading obtained
from Fig. Al. Longitudinal and transverse effects should be determined for the
most unfavourable arrangements of lane loadings.

759, 100% 100% 75%
50% 50% 1.50% 50%

Fig. A2 Multi-lane loading percentages in transverse direction

A 1.1.2 Concentrated ad

In addition to the UDL, a single concentrated load should be considered, acting
in any position and distributed over either a square contact area of side 500 mm
or a circular contact area of diameter 550 mm. The load should be taken,

according to the loading category, as 400 kN (heavy), 300 kN (normal) or
200 kN (reduced).

A 1.1.3 Longitudinal force

A longitudinal force resulting from traction or braking of vehicles should be

considered, acting at the road surface and parallel to it on one lane only. The
force should be taken, according to the loading category, als 400 kN (heavy),
300 kN (normal) or 200 kN (reduced).
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A 1.1.4 Footway and cycle track load

The UDL appropriate to the reduced loading category should be taken from
Fig. Al. Special consideration should be given for loaded lengths in excess of
30 m where exceptional crowds may be expected (as, for example, where a
footbridge serves a sports stadium).

Where the footway or cycle track is not protected from higway traffic by an
effective barrier, the concentrated load appropriate to the reduced loading
category should also be considered. - -

P W W W W W W W W

A 1.2 Type H2: sbnormal vehicle loading

Where the controlling local authority requires the bridge to be designed for an
abnormal vehicle loading, the loading specification should be obtained from the
appropriate transport authority.

A 2 Buildings: imposed floor loads

The UDL to be considered for floor slabs and their supporting members should
be taken from Table Al, according to the building category or function. This
load provides for the normal effects of impact and vibration.

L The concentrated load given in Table Al should also be considered for floor
s slabs. A single load should be considered, acting alone at any position and
distributed over a square contact area of side 300 mm.
B Tabie Al Imposed floor loads in buildings
s Building category or function Ui, Concentrated
: kN/m? load,
i kN
Apariment houses, private rooms I-$ 240
B corridors 40 50
@ Hotels, guest fooms 20 20
corridors 40 50
5 | Scheols, classrooms 30 30
corridors 40 50
B Office buildings, offices 23 50
@ filing and storage arcas 50 50
E computing eic. sneas 35 L3
- &* Hospitals, private rooms 20 b
Assembly halls, fined seats 40 -_
@ movable seats 590 &40
& Stairs, private buildings ) 1:5-30 20-30
) public buildings 50 40
f Restaurants, dining rooms 0 30
v Libraries, stock rooms MEkNm~Im™Y} 96 min. 70
: @ Garages, passenger cars only 25 90
E Grandstands, stadia 50 49
s Dance halls {without increase due o resonance) 50 &0
£ Shops 40 49
o Storage warehouses, light (24ENmMm *m™") &0 min. 70
’ & Storage warchousss, heavy  (40kNm~?m™%) 120 min. 90
Terraces, vehicular aooess 50 %0
- @ pedesitian accesy 49 50
@ FIP/ pracides/ London/ appl.wsd Final Draft London September 1996
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